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Abstract

This report describes progress in research on an autonomous robot for planetary explo-
ration performed during 1991 at the Robotics Institute, Carnegie Mellon University. Tile
report summarizes the achievements during calendar year 1991, and lists personnel and
publications. In addition, it includes several papers resulting from the research.

Research in 1991 focused on understanding the unique capabilities of the Ambler mech-
anism and on autonomous walking in rough, natural terrain. We also designed a sample
acquisition system, and began to configure a successor to the Ambler.

Understanding Mechanism Capablities - In 1991 we concluded an investigation of
the interaction between the Ambler and the terrain. This work led to new stabilitv
measures, novel force redistribution models, and reactive control schemes. In order to
quantify the performance of the Ambler, we measured the power consumption of the
Ambler while walking, and while raising and lowering the body. We also calibrated
more exactly the kinematics of the mechanism.

Autonomous Walking - The experimental program in walking on rough terrain contin-
ued and expanded. Highlights include the following:

" Long-term autonomous walking over challenging terrain, including a live demon-
stration to sponsors.

" Autonomous walking outdoors, including night-time navigation.

" Installation of all computing and electronics on-board the Ambler.

Sample Acquisition - In 1990 we demonstrated sampling capabilities on a testbed sep-
arate from the Ambler. In 1991 we designed a sampling system for the Ambler. It
consists of a comme:cial manipulator, a short-range light-stripe sensor, and a storage
receptacle. The arm and sensor are mounted on the horizontal link of a leg, rather than
underneath a body. This design was not fabricated during 1991 for financial reasons.

Configuration of a Successor to the Ambler - We began to configure an integrated
lander/walker for planetary exploration. This preliminary work is incomplete, and we
expect this topic to be one of the central concerns for the research program in 1992.



1 Introduction

This report reviews progress during 1991 at the Robotics Institute, Carnegie Mellon Univer-
sity, on research sponsored by NASA titled "Autonomous Planetary Rover." This program
to develop an Earth-based prototype of an autonomous planetary rover is organized around
three teams that are developing the locomotion, perception, and planning subsystems. A
joint task is to integrate the three subsystems into an experimental robot system. We will
use this system for evaluating, demonstrating, and validating the concepts and technologies
developed in the program.

The technical objectives of the research include the following:

" To develop and demonstrate an autonomous Earth-based mobile robot that can survive,
explore, and sample in rugged, natural terrains analogous to those of Mars.

" To provide detailed, local representations and broad, 3-D descriptions of rugged, un-
known terrain by exploiting diverse sensors and data sources.

" To demonstrate robot autonomy through a planning and task control architecture that
incorporates robot goals, intentions, actions, exceptions, and safeguards.

This report is organized as follows. The next four sections describe key accomplish-
ments of the project research from January 1991 to December 1991. These accomplishments
span four research areas: 1) understanding the capabilities of the Ambler mechanism, 2)
autonomous walking, 3) sample acquisition, and 4) preliminary configuration of a succes-
sor to the Ambler. The report lists the members of the research group in Section 6, and
their publications in Section 7. Finally, the report includes detailed papers representative of
specific areas of research.

2 Understanding Mechanism Capabilities

2.1 Walker/Terrain Interaction

Walker/terrain interaction underlies all of the stability and reliability issues associated with
walking on unstructured, natural terrain. In his Ph.D. thesis [66], Peter Nagy employed
modeling, simulation, analysis, and experiments to investigate and characterize this inter-
action in the context of reliable, autonomous walking on natural terrain, where important
effects include 1) ground compliance, and 2) supports that might fail due to slope failures,
slipping off the edges of rocks, or the like.

Walker/terrain issues that were investigated in the thesis are combined to form a viable
walking prescription, where the state of the walker is continuously monitored, and used
to characterize the nature of the walker/terrain interaction. One characterization of the

I



interaction is by walker stability; for this, Nagy developed new stability measures that take
into account the effects of compliant terrain. If the interaction is favorable, planned machine
motions may be executed by using nominal control, which is normally used to control the
walker on natural terrain. If the interaction is unfavorable, feet are repositioned to place the
walker in a more favorable stance.

It may be necessary to accept some poor footholds in order for a walker to progress; in
these instances force redistribution models-that describe how vertical forces redistribute
under a set of compliant feet due to body motion-may be used to ensure the stability of
subsequent motions. This conservative method of carrying out walker motions is detailed in
Appendix A.

If anomalous conditions arise that may affect the stability of the walker-such as sup-
port failures, unexpected foot forces, and low stability-reactive control is employed. The
structure of the reactive controller is shown in Figure 1.

Portions of the both reactive and nominal control have been implemented, and the on-
going debugging and progression of the walking prescription is leading to more reliable
autonomous locomotion on unstructured terrain.

2.2 Power Consumption

One of the central considerations in developing the Ambler has been energy efficiency (see
Appendix D). In 1991, we acquired power consumption data for the current implementation
of the A.mbler design.

To measure power consumption, we installed a digital power meter on the line between
the 208 V supply and the Ambler. We digitized the analog output of the meter at 10 Hz,
and synchronized the readings with the real-time robot ,utroller. We then commanded the
Ambler to perform various motions, and recorded the sum of tlie three phases of effective
power.

Figure 2 illustrates the power consumed while walking 2 m in four steps on sandy terrain.
The figure reveals that circulating a single leg consumes 150 W, and that propelling the body
horizontally at 7.5 cm/sec (roughly one-half the maximum velocity) requires 600 W. To our
knowledge, this level of propulsive power is unprecedented for a 2500 kg vehicle traversing
rough terrain. The figure shows that the steady-state power consumption of the motors,
amplifiers, and associated electronics is abont. 1400 W. Using more efficient components,
particularly multiplexor power supplies and servo amplifiers, could substantially reduce this
steady-state power draw.

Figure 3 illustrates the power consumed while raising and lowering the body at different
rates. The figure shows that lifting the body at 7 cm/s (maximum velocity) consumes ap-
proximately 1800 W. Lifting the body, power consuiption increases approximately linearly
with velocity. Lowering the body, power consumption is constant and equal to the steady-
state level, because lost potential energy is dissipated as heat by the amplifiers. As shown
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Figure 1: Reactive walking control
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Figure 2: Power consumption during walking cycle
Power consumed while walking 2 m in four steps on sandy terrain. The distance that the body
moves is 50 cm. The peak body velocity is 7.5 cm/sec (4.5 m/min).

ill Figure 3d-f, the power profile does not depend significantly on acceleration. From the
experimental data, we computed the efficiency of the mechanism as the ratio of mechanical
output power to measured input electrical power. While lifting the body at 7.5 cm/sec, the
efficiency is 70% [3].

2.3 Kinematic Calibration

Other advances in 1991 have refined our models of the Ambler mechanism, and quantified
them more exactly. We calibrated separately each of the six Ambler legs, identifying offsets
and gear ratios related to the "sag" of the body, and "spread" of the two central shafts under
load. The calibration improved the accuracy of dead reckoning from 3.5 cm/step to less than
1 cm/step.

3 Autonomous Walking

Major accomplishments in 1991 include autonomous walking outdoors, autonomous walking
at night, and autonomous long-duration walking.

In September of 1991, the Ambler ventured outdoors for the first time, walking in the
parking lot adjoining the Planetary Robotics Building (Figure 4). In one afternoon, it took
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Figure 3: Power consumption during vertical body motion
Power consumed while raising and lowering the body 1 m at different velocities and accelerations:
(a) 2 cm/s, 1 cm/s 2, (b) 4 cm/s, 1 cm/s 2 , (c) 6 cm/s, 1 cm/s 2, (d) 7 cm/s, 1 cm/s 2, (e) 7 cm/s, 10
cm/s 2 , (f) 7 cm/s, 100 cm/s 2 .

100 steps along a gently curving arc, traveling about 25 meters over a variety of obstacles,
including wooden boxes and ramps. The software system operated for about six consecutive
hours.

Another first in 1991 was for the Ambler to walk at night, without lights. The scanning
laser rangefinder does not require ambient illumination, unlike the human eye and ordinary
cameras. In fact, the laser rangefinder images are sharper at night than during tht day,
because the signal-to-noise ratio is higher without ambient illumination. With this sensor,
the Ambler can operate 24 hours a day, independently of lighting conditions.

During the Fall of 1991 the Ambler set new endurance records walking over an obstacle
course-rolling, sandy terrain studded with numerous large boulders and a long wooden
ramp-inside the Planetary Robotics Building. It walked a number of "figure-eight" circuits,
each covering about 35 meters and 550 degrees of turn. In one three-day trial without being
reset, it took 300 steps, traveling about 100 meters.

In addition, the Ambler autonomously crossed over a 1.5 meter tall, 4 meter long boulder.
To achieve this, the software system automatically raised the height of the Ambler to near
full extension.
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Figure 4: Ambler walking outdoors
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3.1 Mechanism and Real-Time Control

In 1991 all computing for perception, planning, and control was installed on-board. Three
Sun workstations provide the computing for perception and planning. Two processors and
nine motion control boards provide real-time control. As a consequence of this migration,
the tether was reduced to a power line and thin ethernet.

Other mechanism changes included installing two new shoulder gears, replacing the signal
multiplexing system, changing from analog to digital force sensing, and installing a camera
for visual position estimation.

Significant extensions of the real-time controller occurred in 1991. One extension imple-
mented horizontal leg-terrain collision handling, so that significant horizontal forces cause
all motions to terminate. Another extension implemented automatic leveling, so that sig-
nificant tilt (measured by on-board clinometers) cause corrective leveling movements by the
Z-axes. A third extension implemented velocity profiling for leg moves, producing smoother
arid faster motions.

3.2 Perception

In 1991, we directed the manufacturer of the Perceptron scanner to modify the avalanche
photo-diode circuits in the device. The changes substantially reduced the range drift due
to thermal excitation that caused many problems in 1990 (see Appendix B). In conck- L
with these hardware improvements, we implemented a new terrain mapping system that
constructs maps in a reference frame affixed to the Ambler rather than in a fixed reference
frame affixed to an arbitrary point. Other developments include supporting video input,
managing memory usage, and achieving concurrency by interleaving map computations with
image access.

Work on position estimation evolved in three directions during 1991. First, we completed
the implementation and evaluation of dead reckoning. Second, we developed a procedure
to identify the position and orientation of the Ambler from a single image acquired by
a black-and-white CCTV camera mounted on the robot. The approach requires knowing
in advance the positions of "landmarks," which were structural features of the Planetary
Robotics Building, such as windows and doors. Third, we implemented a position history
mechanism that records dead reckoned and visually reckoned position estimates.

In a more theoretical vein, in 1991 we developed an approach to model rough terrain with
fractal functions. We implemented algorithms to compute the fractal dimension of terrain
viewed with scanning laser rangefinders, and tested them successfully on real Perceptron
images.



3.3 Planning

In 1991 we continued to develop the hierarchy of planning algorithms for trajectories, gaits,
leg recoveries, and footfalls. For trajectory planning, we implemented a simple technique
for choosing arcs to traverse, and incorporated it into the graphical user interface (cf. next
section).

For gait planning, we re-modularized the existing planner to streamline the control flow of
the walking system and to facilitate incorporation of different planning algorithms (at least
three have been developed). In addition, we developed a new constraint analysis method,
and used it to implement a simple "crab" (side-to-side) gait plus an algorithm to shuffle
the legs into standard configurations while maintaining conservative stability. Finally, we
investigated the use of the energy stability margin to plan the most stable body move.

We completed testing and evaluating the neural-net footfall learning algorithm, and in-
corporated its results in the footfall planning module. See Appendix C for details.

3.4 Task-Level Control

Substantial progress in execution monitoring, error detection, and error recovery was achieved
in 1991, thus expanding the Ambler's repertoire of software safety features. Error detection
has been implemented for the following conditions:

* Kinematic limits. This required developing an accurate as-built model of the Ambler
and using the model to to predict leg/leg and leg/body collisions in real-time.

" Stability problems. This required first developing an accurate model of the Ambler's
weight distribution, in order to compute the center of gravity and to evaluate install-
taneous stability, and then implementing a stability monitor that watches commands
going to the Ambler and rejects those that would cause tipover.

" Unstable footholds. We developed an algorithm that uses a neural net, trained on
actual data from the Ambler, to analyze the forces ex-erienced when legs contact the
ground.

" Unanticipated terrain collisions.

" Intermittent hardware faults.

Error recovery strategies have been implcmented that enable the Ambler to continue after
failures. The strategies include the following:

o Retrying leg moves. When an unstable foothold is detected, the Ambler moves the leg
in the vicinity until a stable foothold is reached.
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" Replanning moves. In concurrent operation, the Ambler plans ahead several leg and
body moves. When the time comes to execute a move that was planned some time ago,
there may be a difference between the actual and projected body geometry. In this
case, the Ambler kills off the planned moves, and restarts planning from the current
configuration.

" Lifting the body. When planned motion is impeded by tall obstacles, the Ambler
generates and executes plans to elevate itself enough to clear the obstacles.

" Shuffling the legs. When planning cannot proceed (typically because of awkward
stances), the Ambler shuffles its feet into a standard pose. The algorithm chooses
a sequence of leg moves that maintains stability while shuffling the feet.

In 1991 we continued to address issues of memory usage by the Task Control Architecture
(TCA) and by the component software (controller, perception, planning). These efforts
to develop sophisticated memory management techniques eliminated memory leaks to the
extent that thousands of steps can be taken.

We implemented an initial version of a graphical user interface that provides the ability
to specify and edit routes and to view the progress of the Ambler.

We ported the TCA software to the NeXT machine for use by NASA Ames, and provided
Ames users with information and debugging help. We also patched various bugs in both the
C and LISP versions, enhanced the functionality of the "wiretap" mechanism, and developed
direct (point-to-point) communications schemes.

4 Sample Acquisition

We have developed and demonstrated sampling capabilities on a testbed separate from the
Ambler. The system demonstrated in the laboratory is now mature and cal be used as part
of a full-fledged sampling system. Consequently, we have investigated possible configurations
for a sampling system on the Ambler. This section summarizes the possible designs that
were investigated and reports on the selected design. This design was not fabricated during

1991 for financial reasons.

4.1 Design Considerations

The overall scenario calls for the Ambler navigating through unknown terrain, stopping at
specific locations to collect samples. The sampling system that we envision comprises the
following components:

* A manipulator: The number of degrees of freedom and the exact configuration are
the main parameters. One driving consideration in the selection and placement of

9



the manipulator is to take advantage of the existing degrees of freedom of the Ambler
itself. For example using the Ambler for approximate positioning in the vicinity of the
samples, and the manipulator for fine positioning. Two important consequences are
that a small reachable area would be acceptable, and that a full six degree-of-freedom
design may not be necessary.

A short-range 3-D sensor: For efficiency reasons, we considered at first using the same
sensor as used on the current sampling testbed. It is a short-range (up to two meters)
imaging range finder that uses visible light patterns. Using the same sensor allows for
using the same perception software as on the testbed. However, the sensor does have
some limitations such as relatively large size, small field of view, and small operational
range due to the use of conventional cameras and visible light. More efficient laser
rangefinders could and should be used; this would not affect the physical configuration
significantly.

* Computing: The computing used on the sampling testbed consists of a Sun4-equivalent
workstation. In the current scenario, the Ambler would not be performing any other
task while sampling, so existing on-board computing could be used to perform sampling
operations.

It became apparent very early in the design process that one issue would override any
other considerations of power, weight, or speed: the available space on the vehicle. Available
space is severely limited for several reasons. First, the vertical clearance of the Ambler, that
is the smallest height between terrain and bottom of vehicle body is extremely small, about
6 inches, which limits the size of the equipment that may use space under the body. This
limit may be increased by placing the limit switches higher on the leg. This would guarantee
the safety of additional equipment while providing more space. However, this solution would
reduce the available leg stroke, and therefore would restrict the terrainability of the vehicle.
We decided to keep the current vertical clearance. Second, there is little room on the legs
themselves to add equipment, because the additional equipment may cause leg collisions
during leg recovery.

4.2 Designs Investigated

Several designs were investigated. In this section we give a brief overview of two possible
designs and our reasons for not selecting them.

The first., and simplest design, is to mount a gripper on a vertical actuator at the center
of one of the bodies (Figure 5). This is a simple design that addresses directly the concerns
with vertical clearance. This concept was rejected because the Ambler would have to be
used to control the position of the gripper in the horizontal plane.

10
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In a second design, a 3-dof arm is mounted in a cylindrical sampling pod under one of
the bodies. The arm can be retracted to fit inside the cylinder, depositing the sample in
receptacles placed at the circumference of the cylinder. A first problem is the design of a
manipulator that can at the same time expand to reach samples, retract to fit within the
vertical clearance, and to deposit samples in the receptacles. No off-the-shelf manipulator
is appropriate and new components would have to be designed. A second, more serious
problem, is the placement of the sensor. Because of vertical clearance, the sensor cannot
be placed directly under the body in an orientation such that the intersection of its field
of view with the reachable space of the manipulator is large enough. One possible solution
is to mount the sensor on one of the legs, while keeping the manipulator under the body.
Although attractive, this solution introduced another problem related to the calibration of
the sensor with respect to the manipulator. Specifically, since the sensor may move with
respect to the arm, the transformation between arm and sensor reference frames has to be
recomputed every time the vehicle is in a different configuration.

4.3 Selected Configuration

The configuration that was selected is to attach both sensor and manipulator to the side
of the leg. Figure 6 shows top and side views of the configuration. To guarantee that
no collisions occur between sampling equipment and other legs, the placement shown in
those figures is the only possible one. In the configuration, sensor and arm are fixed with
respect to each other, thus avoiding the calibration issue. The other advantage is that the
sampling system may be easily placed such that the vertical clearance constraint is satisfied.
A receptacle, currently a rectangular bin, is also placed on the leg to receive the collected
samples. Based on a trade study, a commercial arm, the CRS-Plus was identified as having
the characteristics needed for this configuration, and is the one shown in the figures. The
configuration can be designed to optimize the overlap between sensor field of view and arn
reachable region while satisfying the other constraints. The optimal configuration is shown
in Figure 7 in which the intersection region is shaded.

One drawback of this configuration is that signals from the sensor and the actuators
have to be routed to the manipulator controller and the computing equipment. Since the
system is mounted on a leg and the controller and computing are in the body, an additional
slip ring is required to carry the signals to the racks inside the body. Although adding some
complexity to the overall machine, it was determined that commercial slip rings would suffice
for the number and type of signals required.

In conclusion, a complete design of a sampling system on the Ambler is now available.
The design uses mostly off-the-shelf components and is intended to make maximum use of
the techniques dcveloped on the sampling testbed in the laboratory.
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Figure 8: Integrated lander/walker concept

5 Configuration of a Successor to the Ambler

To actualize the unfulfilled potential of articulated machines for roles in space, there is a
need to configure a successor to the Ambler. In 1991, we began to configure an integrated
lander/walker (Figure 8) for planetary exploration.

We evaluated a number of alternatives, including the Ambler, the Soviet three-cab, the
Martin Marietta beam walker, the Viking lander, and the Lunokhod. We identified mini-
malism and spaceworthiness as key issues that must play decisive roles in the configuration.
We investigated mission specifications and constraints, stowage, scale, power, telemetry
and thermal control. We revisited the model developed in the Ambler research program of
perception, planning, and control.

Our preliminary work is incomplete. We expect this topic to be the central focus for the
research program in 1992.

6 Personnel

The folkcwing personnel were directly supported by the project, or performed related and
contributing research in 1991:

Faculty: Martial Hebert, Katsushi Ikeuchi, Takeo Kanade, Eric Krotkov, Tom Mitchell,
Reid Simmons, Chuck Thorpe, William Whittaker.

Staff: Brian Albrecht, Purushothaman Balakumar, Gary Baun, Mike Blackwell, Kevin
Dowling, Christopher Fedor, Kerien Fitzpatrick, Regis Hoffman, Jim Martin, Clark McDon-
ald, Jim Moody, Dave Pahnos, Henning Pangels, Bill Ross.
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Visiting Scientists: Kenichi Arakawa, Herve Delingette, Pablo Gonzalez de Santos, Fab-
rice Noreils.

Graduate Students: John Bares, Lonnie Chrisman, Richard Goodwin, Goang Tay Hsu,
Peter Nagy, Gerry Roston, David Wettergreen.

Undergraduate Students: Steve Baier, Jonathan Burroughs, Doug DeCarlo, John Greer.
Nathan Harding, Terry Lim, Hans Thomas.
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ABSTRACT Considering foot/terrain interaction phenomena has increased
the state-of-the-art in walking control research. However, we
believe that further advances will be made by approaching

Statically-stable walking robots offer advantages over walking modeling and control from a systemic viewpoint. Each
their wheeled and tracked counterparts for autonomous individual foot contact is just part of the entire mechanical

planetary exploration; viz.: enhanced agility. power efficieicy, system. Therefore, we wish to address interaction phenomena
plantar exloraion vi.: ehaned giliy, owe effciecy, of the entire walker with terrain.

and smooth platform motion. A prescription for how to walk on

unknown terrain with an unprecedented degree of reliability is The , alker/terrain interaction phenomena and methods of
needed for this, and other applications. To fulfill this objective, dealing with it addressed in this work are broadly applicable to
what is required is an appropriate way to deal with walker/ statically-stable walkers. However, these will primarily be
terrain interaction. This interaction underli.;s all of the stability discussed in the context of AMBLER, a hexapod walking
and reliability issues associated with walking. This work machine developed at Carnegie Mellon University [51,[6]. This
addresses walker/terrain interaction in the context of walking walking robot was used extensively in the experimental portion
on general terrain in order to achieve stable performance of of this work.
autonomous walking robots in the face of the multitude of
terrain conditions that exist in unstructured, natural terrain.

Walker/terrain interaction is described for nominal
motions of the machine The nature of the interaction is
expanded to consider what occurs duing support failure, and
what may be done to counter its effects. To evaluate the
stability of the walker, a new measure has been developed
which takes into account the effects of terrain compliance on
walker stability. These research elements are combined into a
viable prescription for how to walk statically on unstructured
terrain.

1. INTRODUCTION

The ability of some walkers to select where their feet
contact the ground greatly increases their ability to traverse
rugged terrain Ifl. Furthermore, selective terrain contact may
be used to enhance the walking robot's stability. Discrete
terrain contacts ideally lead to lower locomotive power
consumption, as no energy is required for rolling friction or Figure 1. The AMBLER Walking Machine.
"plowing" through terrain. Unless feet slip, legged vehicles

only put energy into the terrain when making foot contacts.
These advantages are only possible through appropriate control The walker/terrain interaction phenomena for nominally
of suc,, x'alker , which is the subject of this work. What makes controlling a statically-stable walking machine are described in
this work difficult is contending with unstructured, natural the next section. This is followed by a section describing the
terrain, while providing absolute reliability, interaction and methods developed to avoid tipover due to

There is a growing recognition of the importance of support failures. A new stabliity measure that takes into
accounting for the effects of natural terrain in walking control, account the effect of compliant natural terrain on stability is
For example, many recent works on servo level control of then presented. This measure is useful for evaluating planned
walkers focus on the effects of terrain compliance. Orin's force motions, and as a real-time monitor to preserve the safety of the
redistribution control mcthod to minimize power consumption robot. The algorithms, measures, and knowledge of walker/
t21 has been supplanted by mote efficient mcihods "dat terrain interaction phenomena are then combined to form a

emphasize foot/terrain contact to avoid foot slippage [3].[41. prescription for how to walk on general terrain.
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2. WALKER/TERRAIN INTERACTION effects are amplified when footfalls are at disparate elevations.
Therefore, the method that uses all axes to level the body

Interaction with the terrain occurs during the different should be used when footfalls are at dissimilar elevations. If the
elemental walking motions. The elemental walking motions peak power consumption needs to be minimized, one of the
are: leg positioning, propulsion, attitude, altitude, and force methods that use only the vertical axes to level the body should
redistribution control. Altitude control of the robot does not be used for gravity-decoupled robots when footfalls are at
lead to any significant walker terrain interaction. However, similar elevations.
swinging a leg or propelling the body shifts the body e.g., and
consequently causes some interaction to occur as detailed later
in this section. The method by which attitude control is 2.2 Body Propulsion
achieved also will affect the nature of the interaction.

During body propulsion there is an active redistribution of
There was little coupling of the elemental walking forces underneath the feet of a walker, even if the brakes are

motions. Forces passively redistribute during motion of the applied to the vertical actuators. When the machine moves, so
e.g., and body tilt is affected by any redistribution of the does its e.g. location. The foot forces must therefore
vertical foot forces, whether caused by this interaction redistribute to obey the laws of statics. If more than three legs
mechanism, or vertical foot force redistribution control. For the are in ground contact, then the vertical force distribution is
relatively stiff terrain of the AMBLER testbed, this coupling indeterminate. There are an infinite number of possible
was not too important. distributions for a given e.g. location, not all of which will be

In the control simulations it was observed that simple desirable. With foot force sensing, the actual distribution may
position and velocity motion control sufficed in achieving be found. It is desirable to be able to predict how these forces
stable and accurate motion 8]. The control simulations used a t will redistribute due to a planned macine motion in order to
sophisticated dynamic model which included non-linear, non- determine if the planned motion is safe, and if the motion itself
conservative foot/terrain interaction models 171. Consequently, is being achieved with predictable walker/ terrain interaction.
motion control boards were procured for the AMBLER, and Simulations of body propulsions with the dynamic model
over several thousands of hours of operation, they have showed that foot forces changed approximately linearly with a
performed well. linear change in body position (which roughly corresponds to a

For a gravity-decoupled robot, it is possible to decouple linear change in c.g. location). This indicated that a relatively
most of the elemental walking motions into the vertical and simple model for how foot forces redistribute should be

attainable.
horizontal directions. It was found that peak power
consumption could be significantly reduced by carrying out Two methods were developed to predict how vertical
motions that require horizontal and vertical actuations forces redistributed due to c.g. motion. The least-variance
sequentially. model predicts the force distribution after a e.g. move that is as

close as possible to the original distribution in a second-norm

2.1 Attitude Control sense. This method does not utilize terrain/leg compliances. A
second method, the compliance model, utilizes leg/terrain

Attitude (leveling) control is conventionally achieved by compliance and kinematic constraints to determine the new
extending and retracting vertical actuators by an amount force distribution. It can be shown that these two models give
determined by using a simple calculation that uses small angle exactly the same predictions for when the compliance under
approximations: each leg is equal [ 10]. In this paper, only the compliance model

will be presented.
AZ i = yisin (cc) -xisin ([3) (1) For a walker with n ground-contacting legs, n > 3, there

are three statics equations that apply. The sum of the vertical
forces equals the weight of the machine, and thore are no net

where: Yi is the horizontal distance of leg i to the pitch axis rolling or pitching moments. These may be expressed
mathematically as:

Xi is the horizontal listance of leg i to the roll axis

aC and [3 are the pitch and roll angles respectively

AZ i is the change in the vertical leagth of legi. X IF 1 + X 2F 2 + X 3F 3 +... + = XcW (3)

•Y 1 F 1 + Y 2 F 2
+±Y 3 F3 +... + YnFn = YcW (4)

Other leveling methods that use only the vertical actuators

but utilize more kinematic information have been derived and
evaluated [9]. There is not a large difference between those where: F i is the vertical force on leg i
methods. All of these methods cause the top of the walker to
translate, mainly in a horizontal direction. They also lead to Xi I Yi is the location of leg i
foot slippage and/or build-up of internal link forces. Another
method was derived that uses all axes to level the body. By Xc" Yc is the location of the center of mass
using this method, an arbitrary point on the body may be kept
from rotating. More importantly, this method avoids foot W is the weight of the walker.
slippage and build up of internal linkage forces due to flexure.
These phenomena occur with z-axes only leveling, and their

26



Equations (2)-(4) are three equations in n unknowns. A forces and moments were monitored during the experiments
further n-3 equations are derived through kinematic constraints with the AM BLER. In these experiments they varied, but not in
to yield n linearly independent equations in n unknowns, so the any predictable manner. Fortunately. the effect of these forces
unknown foot forces may then be solved. To derive these and moments was on the order of one to two magnitudes less
additional equations, a basis of three legs is chosen. The importance than the vertical force variations. Therefore it was
footpad elevations of these define a plane that will be used as a sufficient to consider only the vertical forces in this work.
reference. As foot forces redistribute due to e.g. motion, this
plan, will move as a function of the change of force on, and the
compliance of. each foot. If we consider other ground-
contacting feet, they will rise or drop (analogous to unloading 3. REACTIVE WALKING CONTROL
or loading a spring under the foot) such that the footpads of When anomalous conditions arise, it is desirable to take
these feet also touch the reference plane. Thus a constraint reflexive measures in order to ensure the safety of the walker.
equation is derived for each of the feet outside of the reference Reactive control is the method by which this safety is assured.
tripod (three legs) by separately combining them with the For slowly moving. statically-stable walkers, such as the
reference tripod, and constraining all four legs to lie on the AMBLER, it is sufficient to simply halt the robot should an
reference plane. Each of these equations has the form: unexpected event arise. However, if the unexpected event is

Y. F. + "I F. + mkFk + m.Fx = a. (5) threatening to tip over the machine, then a more elaborate
YX + rJX J response is required. In these instances, the legs of the robot

should be moved to counteract the tipping motion. The reactive

where: legs i, j, and k form the reference tripod leveling algorithm, described below, has been created for this

leg x is the fourth leg under consideration prpo

all m i are a function of leg coordinates and _oo

spring compliances

a x is a function of leg coordinates, spring -

compliances, and previous foot forces. l I

leg3
To test the validity of these models, experiments were X 3 leg3

carried out on the AMBLER. The body was propelled various 4 leg 5

distances, and the actual foot forces experienced by the >

AMBLER were compared to the values predicted by the--- "6 leg_6
0

models. For example, the AMBLER was propelled forward by -0.5 -02 0.0 05 0.5
1 meter on sand, as shown in Figure 2. During this traverse the Y (M)
e.g. moves forward in the Y-coordinate direction by a smaller
amount, 0.702 meters, as the legs have significant mass and (a) actual
they don't travel as far as the body during propulsion. 2M

LEG 2L
LEG4 3 2 - legI

A Afinal posittlon 0 -k

-- "-" - leg 3I LEG5 kg 4
leg5

/ I meter 0
initial position .0os .015 000 0.2 0.0

LE6Y ()
LEG 3 (b) predicted

Figure 2. Propulsion Example. Figure 3. Vertical Force Redistribution Due to Body Motion.

The vertical foot forces logged from the AMBLER are 3.1 Reactive Leveling

shown in Figure 3(a). The predictions from ar compliance Slowly-moving statically-stabilized walking machines are
model are shown in Figure 3(b). The predictions are close in danger of tipping over when support failure(s) occur. The
enough that the model is suitable for usage. reactive leveling algorithm is able to respond appropriately to

The vertical foot force redistribution models give a these support failures without knowledge of which supports
reasonably accurate portrayal of how the vertical forces failed, nor by how much. The reactive leveling algorithm is
redistribute during machine motions. The horizontal forces and depicted in Figure 4.
bending moments are not incoriorated in this model. These
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Reactive leveling incorporates tilt sensing within the 4. WALKER/TERRAIN INTERACTION
control loop. Given the current roll and pitch of the machine, AND STABILITY
the vertical leg extensions required to level the machine are
calculated. The ratio of the required extensions between legs In the previous sections of this paper there have been a
serves as the ratio of velocity commands that are sent to each number of references to machine stability. To ensure the safety
leg. The spcaoi that the machine levels is determined by the of the robot, its stability should be quantified. Stability
specified velocity of the leg that moves with the highest speed measures may be used in the planning of walker motions, such
(the leg with the highest calculated extension). For large values that the planned motions do not unduly jeopardize the safety of
of tilt. this is set to the maximum speed of the leg. For small the robot. These measures may also be incorporated as a safety
values of tilt, it is set to zero, so that the machine does not measure incorporated in the real-time controller.
"hunt" about the level position. A walker is said to be stable if the vertical projection of its

The ground-contacting legs will bring the machine up to c.g. onto a plane lies inside the polygon formed by the vertical
level with this algorithm. Unless the machine is free-falling, projections of the feet on the same plane. An example of the
there will always be a sufficient number of ground contacts to support polygon for five-legged ground contact is shown in
form a stable support polygon, which allows the algorithm to Figure 5. For the walker to remain stable, the projection of its
succeed. However, support failures that cause tilts usually e.g. must lie inside this polygon. For more conservative (safer)
cause one or two legs to end up in the air. These legs are also walking, the e.g. may be constrained to move above a smaller
on the high side of the machine. As a result, these legs further polygon, the Conservative Support Polygon (CSP), which is a
retract if the reactive leveling algorithm is applied to them. and subset of the support polygon [11]. If the motion cf the c.g. is
they will not contribute to body support. This significantly confined to this smaller area, the machine remains stable even
lessens the stability of the machine, if the support of any one of the legs fails. Our plarning

algorithms constrain the body c.g. to lie within the CSP.

. CONSERVATIVE

SBOD TSUPPORT POLYGON[READ BODY TILT

SUPPORT POLYGON

CALCULATE LEG I
EXTENSIONS

SFigure 5. Plan View of the Support Polygons for Five Ground-I SET THE MAXIMUM IContacting FeetL

LEG SPEED "To quantify the stability. the distance of the e.g. projection
_to the boundary of either support polygon may be used.

However, a better measure is the Energy Stability Margin

DETERMINE THE RATIO I (ESM) developed by Messuri and Klein [12). This measure
calculates the minimum energy required to tip over the walker.OF LEG VELOCITIES This is found by calculating the energy to tip over each pair of

____adjacent legs of the support polygon. The way to calculate it
graphically is shown in Figure 6. To tip the walker over theseI VELOCITY COMMANDS two legs, the c.g. has to raise by the height h. requiring energy

SENT TO EACH LEG mgh, where m is the mass of the walker. and g is the force
of gravity. The analytical determination of the ESM has been
derived [101.

This type of measure is better since it quantifies the energy
Figure 4. The Reactive Leveling Algorithm. of a disturbance (such as support failure) that is required to

topple the robot. However, it does not take into account the
To maximize stability while still bringing the machine to compliant effects of natural terrain. We have augmented the

level with this maneuver, the active leveling algorithm is ESM by taking this into account by developing the Compliant
applied only to the legs that are in ground contact for that Energy Stability Margin (CESM).
control cycle. Legs that are in the air extend slowly, until they To calculate the Compliant Energy Stability Margin, the
contact the ground. After having made contact, they join the ESM for each edge is first calculated. However, compliant
subset of legs that arc participating in the reactive leveling footfalls will further compress. as the two legs that the c.g. is
algorithm. swinging over now bear the full weight of the walker. Therefore

these feet sink. requiring a smaller height that the e.g. needs to
rise [or incipient tipover. The geometry of incipient upover is
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shown in Figure 7. The ESM calculates the energy required for 300 on the same propulsion example, the two measures differ
the e.g. to reach point j. With compliant footfalls, the c.g. rises by about 13-15%. as shown in Figure 9. This occurs since the
by a smaller amount, to point k. in this example. Therefore the compliance of sand on a slope increases significantly. For the
CESM predicts smaller stability, flat ground example, the maximum stability is near the middle

of the trajectory. With the machine propelling forward
horizontally as part of ascending the slope, the point of

Foot 2 maximum stability moves forward due to the machine
....V geometry.

0
CGC

Foot 1

-0.0 -0.25 0.00 0.25 030
Figure 6. Graphical Calculation of the Energy Stability Y (m)

Margin.
Figure 9. The ESM and CESM for 1 meter Propulsion on a 30

FOOT 2 Slope.

c.g. 5. A PRESCRIPTION FOR WALKING
koi. The various components of important walker/terrain

Az z 2 interaction phenomena have been described thus far in this
paper. They will now be combined to form a prescription for1 FOO  how to walk on general terrain. To walk on such terrain (e.g.

, - unstructured planetary terrain), the method chosen should be
FO 1 FOOT2 conservative in order to ensure the safety of the robot

OT To walk on general terrain while taking interaction
phenomena into account, the state of the walker is continuously

SIDE VIEW TOP VIEW monitored, and the nature of the walker/terrain interaction is
Figure 7. Geometry of Incipient Tipover. characterized. If the interaction is favorable, planned machine

motions may be executed by using nominal control. If the
interaction is unfavorable, feet are repositioned to place the

The ESM and CESM measures for the same 1 meter walker in a more favorable stance. It may be necessary to
propulsion example discussed in Section 2 are shown in Figure accept some poor footholds in order for a walker to progress; in
8. There is no significant difference between these two these instances the force redistribution models may be used to
measures, though the terrain was very stiff. The propulsion ensure the stability of subsequent motions. If anomalous
example was done on flat terrain. If we superimpose a slope of conditions arise that may possibly affect the stability of the

walker, reactive control is employed to respond to such events.

19. aFor maximum stability, only one leg is repositioned at a
time, leaving five legs in ground contact. The walker moves by

17 /Malternately taking steps and propelling the body. The action of
CESC propelling the body and picking up the rear-most leg and

U 5 I placing it in front of the body is called a gait cycle.

13 Before carrying out a gait cycle, the stability provided by
the set of terrain contacts should be evaluated before moving to
ensure the safety of the robot. The nominal prescription for

I carrying out a gait cycle is shown in Figure 10. Before
advancing the walker, the controller first checks to see if there

5 0are toe-holds. If there are any, the vertical force redistribution
-00 -0 2 0 0o2o5 0 s that will occur during the gait cycle is predicted. If the machine

may carry out the motions of the gait cycle with a stable set of
Figure 8. The ESM and CESM for the I meter Propulsion leg forces, the gait cycle is executed. If not, the gait planner

Example. is informed of which feet have toe-holds, and it will move these
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TERRAIN CONTACTS
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yes no

S PLAN INITIAL FORCE
DISTRIBUTION

PREDICT FORCE
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' no
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Figure 10. Prescription for Nomninal Walking on General Terrain.
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processor faults
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Figure 11. Prescription for a Walking Controller for General Terrain.
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feet to new locations. If the feet have to be re-located, the prescription will lead to safe autonomous walking on
overall stability of the new set of foot contacts is assessed to see unstructured, natural terrain.
if the intended motion may then be carried out safely. When a
new footfall is made, the bearing capacity of that foothold is
tested by putting a large force on that leg. ACKNOWLEGMENTS
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Abstract The paper is organized in three pats. Section 2 describes
In this paper, we analyze a class of imaging range finders- the principle of the sensors, the theoretical models of noise and

amplitude-modulated coninuous-wave laser radars- in the con- measurement geometry, and the two sensors that we use in our
text of computer vision and robotics. The analysis develops mea- experiments. Section 3 describes some problems that are specific
swement models from the fundamental principles of laser radar to this class of sensors. Those problems can significantly impact
operation, and identifies the nature and cause of key problems that the quality of the data and limit the use of those sensors. We
plague measurements from this class of sensors. We classify the distinguish between problems that are inherent to the physics of
problems as fundamental (e.g., related to the signal-to-noise ra- the laser radars, and problems specific to the hardware currently
tio), as architectural (e.g., limited by encoding distance by angles available for robotics applications. Section 4 describes experi-
in [0.2:-)), and as artifacts of particular hardware implementa- mental results obtained from actual sensors.
tons (e.g., insufficient temperature compensation). Experimental
results from two different devices-scanning laser rangefinders 2 Sensors
designed for autonomous navigation-illustrate and support the In this section we address imaging laser radars, covering both
analysis. their principles and practical characteristics. First, we describe

t general principle of operadoti, define a sensor reference frame,1 Introduction and present measurement models for the range and intensity data.
Range sensing is a crucial component of any autonomous system. Then, we describe two particular sensors that we used for exper-
It is the only way to provide the system with three-dimensional imentation.
represntations of its environment. The classical computer vi-
sion approach to range sensing is to use passive techniques such 2.1 Principle of Operation
as stereovision, or shape from X. However, those techniques are The basic principle of a laser radar is to measure the time between
not yet sufficiently reliable or fast to be used in many applica- transnming a laser beam and receiving its reflection from a target
tions, most notably real-time robotic systems. Active sensors, surface. Three different techi.ques can be employed to measure
which generate the illumination instead of using only the ambient the ime of flight, which is proportional to the range: pulse detec-
illunination, have received increasing attention as a viable alter- tion, which measmm the time of flight of discrete pulses: coherent
naive to passive sensors. Many such sensors were developed [I detection, which masures the time of flight indirectly by mea-
and many have been used in real computer vision and robotics suriag the beat frequency of a .fequency-modulated continuous-
applications such as obstacle avoidance [2, 161 and autonomous wave (fm-cw) emitted beam and its reflection; direct detecton,
navigation 191 of mobile robots. Surveys of rangefinding sensors which measures the time of flight indirectly by measuring the
and their applications in robotics can be found in [4, 7. 111. A shift in phase between an amplitude-modulated continuous-wave
review of their use in autonomous navigation of mobile robots (am-cw) enutted beam and its reflection.
can be found in (5]. Experimental devices have been developed using both pulse

Although significant theoretical results have been derived and coherent detecion technologies (for a survey, see Besi (11).
in the area of laser radar characterization ( 151. experimental work They are not yet widely in use in computer vision and robotics
is needed to evaluate performance in robotics applications. In applications. In this paper, we concentrate on am-cw laser radars.
this paper, we characterize and evaluate a class of sensors, the For am-cw laser radars, the range to a target is proportional
imaging laser radars'. Those sensors have been proposed as a to the differem of phase: if 1,; is the difference of phase.
good compromise between accuracy, resolution, and speed re- then the range is r = -A , where \ is the wavelength of the
quirements, especially in the context of mobile robotics. Our modulation. Since the phase is defined modulo 2-, the range is
intent is to present measurement and noise models for those sen- defined modulo r., where r, = A/2 is the distance (or ambiguity
sors, to identify problems that are specific to this class, and to intervafl) corresponding to the maximum phase difference of 2..
provide experimental dam to support our conclusions. Our em- Therefore, an inherent limitation of this principle of operation is
phasis is on identifying limitations and capabilities that have an that it cannot measure range uniquely, Le., it measures range only
impact on the use of standard image analysis algorithms for those within an ambiguity interval.
senso rc. For many applications, imaging laser radars are essential.

We concentrate on laser radars because of our experience Imaging sensors generate a dense set of points structured as an
with two such sensors, Erim and Perceptron, in our work in mobile image. Typically, image generation is achieved by two mechani-
robotics. The theoretical and experimental results presented in cally controlled mirros that raster-scan the beam across a scene.
this paper use in part results from earlier analyses from (3, 8, measuring the range at regularly sampled points.
17, 191 for the Erim sensor, and from ( 10. 141 for the Perceptron In addition to range, am-cw scanners measure the "strength"
sensor. However. we suggest that more analyses of this type are of the reflected beam, thus generating a second image that some
needed in order to better grasp the state of sensor technology from call the reflectance image. To avoid confusion with surface re-
the pcit of view of computer vision and robotics. flectance, we will refer to it as the intensity image.

2.2 Sensor Reference Frame
'An optical-wevelength radar is also called idar. ,hich is an acronym It is useful to convert the range pixels to points in space expressed

for Liglht Detection And Ranging. with respect to a reference frame. In this section we define a
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90 propfjual to rmp r

0 Figure 2: Model of (range. intensity) pair as complex num-~~~~ber F~t 3

where kL1 is a function of the transnutted radiant flux, the capture
area of the receiver, and filter bandwidths. Assuming that the
output power of the photodetector is proportional to F, the output
signal is proportional to ,) cos ,/r2.

Figure 1: Reference frame for scanning laser range finder When the received power is small, the output signal is small,
In the figure, the symbol "R" denotes range. To be consistent and noise is significant. There are many sources of noise, includ-
with the majority of the text, we should denote range by "r." ing photon noise, laser noise, ambient noise, dark-current noise,
standard reference frame attached to the scanner, and the relation secondary emission noise, and subsequent amplifier noise.
between a pixel (row, column, range) and the coordinates of the Nitzan et al. 1121 identify photon noise as the dominant
c o nding poin. source, and assume that photoemission is a Poisson process to

Figure I illustrates the reference frame. As shown, the obtain the signal-to-noise ratio
y-axis coincides withe dirction of travel of the laser beam pro- SNR=k 2 (-v-) (4)
jected through the cenral point of the scanner (Le., the principal Assuming a modulation index of 100 percent, they go on to
ray). The angle : (azimuth) corresponds to a rotation about t derive the a ite effect of photon noise on the measured
the -axis. range value. Their analysis indicates that the standard deviation

Given the sensor measurement (u. v. d) (Le., row, column, of the range can be estmattd by
range), the transformation to spherical-polar coordinates is Va. sR" (5)

+ -A0 9 +- o , + 00 ad . (1) Combining (4) and (5) yields
w here ;Pow.. (6 )

@ -I.: is the angular icatieent, in degrees/row, of the nodding (-; -nurs, a where the first term depends only on the physical, optical, and

electronic characteristics of the sensor, and the second term de-*- a is the angular increment, in degrees/olumn, of the pan- pends only on the observed scene.ruin miror. This equation states that a, is approximately linear in r. or

9,;o is the initial orientaton, in degrees, of the nodding mirror, equivalently, that the variance ey! is approximately quadratic in r.o0o 13 the initial otentation, in degrees, of the paining minror, Our experimental results follow this model. In particular, Figureand 12 shows that q3 is quadratic in r, consistent with (6).

e.-I is the scanner range resolution in meters/grey-level 2.4 Examples
Given the spherical'polar coordinaes ;;-. 0. r, the transfor- We used two sensors for experiments: Erim and Perceptron,

mation to Caresian word aa is given by whose geometric parameters are listed below. Other sensors
x-rsinO . y=rcos0cosi; . r=rcos0sin,: . (2) based on the same principle exist 1l, 131. The two sensors that

we use are typical of the operation and performance of this type2.3 Measurement Models of sensor.
An am-cw range sensor would approach perfection if it emitted a The Erim scanning laser nigefinder is designed for appli-
zero-widh laser beam and observed the returned signal through cations in outdoor autonomous navigation. Several versions of
an infinitely small receiver. In reality, the beam subtends a non- the scanner exist. We refer to the version used for research on
zero angle, and the receiver detects signals subended by a solid autonomous land navigation [2, 51, which is the successor of a
angle we will call the instantaneous field of view (IFOV). As- sensor used for legged locomotion [1 8].
suming a circular field stop, the beam projects to an ellipse on The Erim scanner uses a 100 mW laser diode operating at
the target surfae, the foopnnt of the beam Every point within 820 run. The sensor volume is roughly 90 x 50 x 90 an and
the intersection of the footprint and the IFOV contributes a range the mass is about 45 kg. The scanning mechanism consists of a
value and an intensity value to the final range and intensity m a vertickl rotating mirror for horizontal scanning, and a horizontal
suremems. nodding mirror for vertical scanning. The acquisition rae is

We may model a (range, intensity) pair as a complex number 0.5 s for a 64 x 256 x 8 bit image. Table 1 summarizes the
z, or equivalently as a vector (Figure 2a). The phase ofz represents characteristics of the sensor. Figure 3 shows a range image (top)
the sensed range (or phase shift), and the magnitude of z is the and a reflectance image (bottom) from the Erun scanner. The
sensed intensity, According to this model, the range measured at a images show an outdoor scene of a road surrounded by a few
pixel is the integral of koz over the IFOV of the receiver, where ko trees.
is scalar and depends on parameters of the itm t ( smted The Perceptron scarnig laser range finder is more recent
power, and the eleto-opucs of the reever) mnd paramete of than the Erim, and has higher resolution and bandwidth. It is cur-
the environment (the anl c, between the surface normal and the rendy used for terrain mapping in support of legged locomotion
direcrion of measurement, the reflectance p of the target surfa, [6].
and the range ras shown in Figur 2b). i The sensor volume is roughly 50x45 x 35 cm and the mass

Ul inately, the fidelity of the range maasrement d.".nd is about 30 kg. The sensor uses a 180 mW laser diode operaing at
on the power of the signal reaching the photodetector, which in 8 l0 nm. The image acquisition rate is 0.5 s for a 256 x 256x 12
turn depends on ko. Morm precisely, the time-avenge radiant flux bit image. The scanning mechanism is similar to the Erirn design,
Fp (in watts) reaching the photodetctor can be shown ( 151 to be except that the vertical field of view and the vertical image size are
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Param. Uruts En erponI Descr uon 3.1 Mixed Pixels
V,,. deg 80 60 Horizontal FOV Significant problems occur at pixels that receive reflected energy
N,,. pixel 64 256 Rows from two surfaces :;eparated by a large distance. From an unage
N,., pixel 256 256 Columns analysis point of view, we would like the range at such points
_1. deg 0.47 0.24 Vet. step (Note A) to be measured on either of the surfaces, or at least to fall in_10 deg 0.31 0.24 Her. step (Note B) between in some predictable way. The fact that the range is
re - 64 ft 40 m Ambiguity iterval measured by integraung over the entire projected spot leads to a
N bit 8 12 Number of bits/pixel phenomenon known as mixed pixels in which the measured range
-I - 3.0 in 0.98 cm Range unit (Note C) can be anywhere along the line of sight. In practical terms, thismeans that occluding edges of scene objects are unreliable, and

that phantom objects may appear due to mixed measurements
Table I Nominal values of sensor parameters that are far from the real surfaces. This is a problem inherent to

Note A: -1 , B: -1 All- C:-lit= -- direct detection am-cw laser radars and it cannot be completely
elimiated.

Figure 5 shows the geometry of the measurement at an oc-
cluding edge: two objects at distances D, and D2 from the sensor(DI < D2) are separated by a distance D and a point is measured
at the edge between the two surfaces. Due to the angular width
of the beam, the range is formed by integration over a spot that
contains reflections from both surfaces.The relevant parameter
is the ratio p between the spot surface due to the near surface
and the total area. The combination of the two measurements is
better explained using a model in the complex plane Like the one
presented in Section 2.3. Each portion i of the spot generates a
measurement that can be represented by a complex number z..
The phase of z, ; is proportional to the range D and its magru-
tude depends on the reflectivity p, of the material. The resulting
measurement s given by the sum z = zi + z2. The final measured

Figure 3: Erim intensity (top) and range images range is proportional to the phase of z.
The scene contains a tree (visible to the left), and a person (visible
in the upper center) on a path. -- ---- ---

programmable. Table I summariz the operating characterisucs ]4
of the sensor as specified by the manufacturer [14J. 1.

Figure 4 shows the eight most significant bits of a typical - DI
range image (right) and intensity image (left) from the Perceptron. h
The distance between the scanner and the floor is approximately Figure 5: Surface I occludes surface 2 (side view)
4 m. The phenomenon becomes clear with this formulation: the

phase of z can be anywhere between ,. and ;2 depending on
the ratio of the lengths of z| a 22 which depends on p. p~, and

, /,. In practice, this phenomenon is observed as soon as there are~ ~ ~- disceteobjects in the scene. Figure 6 shows the effect of mixed
S pixels in a real image. The top panel shows an Erun unage with a

. small window (shown as a white rectangle) containing an object
. (a tree) and its left and right edges. The bottom panel shows an

-overhead view of the 3-D points in this region as calculated by
Eq. (2), and using the range from the image pixels. The points
at the center of the dismbiwon correspond to the smooth surface
of the object. Away from the center are two lines of mixed pixels
that appear at the object's edges. In this example, all mixed pixels
are located between the two targets, tree and background surface.
This result is typical of the mixing effect in laser radars. The

Figure 4: Perceptron intensity (left) and range images mixed pixel effect complicates the processing and interpretation
One of the authors is visible in the intensity image standing i of the range inages. Its main consequence is that strong range
front of box-like targets used for calibrating the sensor. The edges are unreliable. One approach to the problem is to apply a
images have been enhanced for printing, median filter to the image. Another approach is to transform all

the points to a 3-D coordinate frame. There, mixed pixels appear
as isolated points, which makes them easier to remove than in

3 Problems image space.
3.2 Scanning Pattern

In this section, we describe four effects that may lead to corrupted With currently availab!e commercial technology. imaging can be
or degraded data. Two effects, rmxed pixels and rangelintensity achieved only by scannig the beam using rotating and nodding
crosstalk, are due to fundamental limitations of am-cw laser mirrors. The scanning mechanism introduces additional errors
radars, although they are sometimes compounded with problems into the sensor. They are probably the hardest to quantify and to
in the design of the actual sensors that we used. The two other ef. correct. They result in a correct range measurement being stored
fects, distortion due to scanning and range drift, are more specific at the wrong pixel in the image. limitations due to the scanning
to the particular sensors that we use. However, it is important to mechanism are not inherent to the an-cw technology, but are due
be aware of those effects since they do affect the qualty of the to the lack of alternatives to electro-mechanical scanning devices.
data. Furthermore, simple cost-effective remedies do not seem to The main problem, synchronizaion, is due to the fact that
exist at the moment even though those problems are theorencay three systems (honzontal mirrors, verucal muirors, and range
avoidable. measuring system) must be synchrized exactly In particular.
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textureJ Nurtaces In those .ase,. the beam illuminate, a region

.. that contains points of different surface reflectance Since those
pouits oTav generate sliehd ditierent range measurements. thc:
situation is siTrl:- to the one discussed in Section 3.1 except that
uie mixing is due to the %artauon of reflectance within thr spot
instead ot ic variation of range. A consequence of tus effect is
that the behavior of the range measurement at the edge between
to surtaces Aith different reflectance may be unpredictable.

The crosstalIk problem cannot be compietel\ elinunated
However. some additions to the basic sensor design can diminish
in effects. For example. the Perceptron scanner adjusts dynan'u-

caJ1 the operating range of the receiver, and uses a lookup table
built using an off-line Cabbration procedure to correct the range
as a tunctton of tntensity

I,..'Figunres 8 to 10 illustrate the crosstalk effect In order to

quantity the crosstalk effect, we designed an experiment in which
a target with low reflectance is observed against a background

Figure 6: Mixed pixels in real image of higher reflectance (Figue 8). Considering one scaniane in
Top: selected region in Erirn image. Bonom. overhead vie,, of the range unage. the dark target is located between columns 121
the corresponding points and 135. We computed the mean and variance of the range and

ie motion of the two nurrors must be exactly svnchroruzed Aid, intensiry distribuuons at each pixel in the scanline by taking 100
the sampling of the range measurements. A small error in svn- images of the scene. Figure 9 shows the mean values as a function
chroruzauon results in an error in either .: or o depending .on of the column number. The mean intensity drops sharply at the
which murror is affected. Even though the range measurements edges of the black target and remains at a low level between them,
themselves are not affected, the angular errors wdl propagatt- a expected. The mean range remains roughly constant except for
to the coordinates computed from Eq. (2). For example, poor a sharp discontinuity at each edge. The reason is that the intenstrv
synchroruzauon may occur at the top of the image because the from both materials is nuxed at the edges, therefore the range is

nodding nurror takes a finite amount of time to go from zero speed not properly corrected. Figure 10 shows the variance of the range
at its starting posiuon to its normal scanning speed. During this and intensit', distributions. This clearly shows a sharp increase
interval of time, a few scanhanes that are not correctly sampled are i 2 between the high intensity background and the black target.
collected. Figure 7 shows a Perceptron image in which a rectan- as expected rom the theoreucal expression of range noise.
gle in the scene projects to a skewed shape instead of a rectangle
In general, there is a discrepancy between the nominal values of e', - -VIC.

the scanning angles and the actual values. This error is difficult :,,:c - -
to quanufy. We desci-be an experimental setup tr estimating toe _ -- ,
angular error distribution in Secnon 4.3. 1 7

Figure 7. Synchronization error in Perceptron image L I ...

The black wire-frame rectangle marks the correct posIMoti.

3.3 Range/Intensity Crosstalk Top V...

Ideacly, we would Like the range measurements to be completel\ Figure 8 Experimental setup to study range/itntenstt
independent of the reflecuve propertes of the otserved obtect crosstalk
Unfortunately. they do influence the range measurements and can
even render range useless in some cases. This crosstalk etfect " -
between range and intensir is due to a number of causes. . -

The first cause for the crosstalk effect is a fundamental prop- - * * " , .... ,.-,

erTy of direct am-cw range measurement. The standard deviation
given by Eq. (6) depends on the reflectance of the observed ma- ,P\
tenal Roughly speakin g. the lower the intensity, the tugher the
range noise, This affects only the variance of the measurement.
not its mean value

Another source of crosstalk is in the tmplementanon of the
detection electrorucs. Typically, the receiver electronics oper- . * * * • ** *.. ,

ate opumally only in a narrow range of intensities compared to
the large dynamuc range of intensities that can be observed As .,.-

a result, surface that reflect intensities outside of the optimal ..
operating range will produce noisy or even erroneous raMn7 rea- Figure 9 Mean range and intensity for black and white
surements This effect can be reduced by dynamically a -g targets
the operating range according to the intensity. The Per on
scanner implements such a solunion However. the low uinsi- 3.4 Range Drift
ties (dropout and the high intensities (saturauon) still produce We observed a signiticant drin ot rane measuremen s over time.
spurious range readings There are ways to increase the dynamic lo illustrate this ettect. we placed a Lirget 6 m rrom the origin of
range of the receiver but they are not implemented in most scan- the Perceptron scanner and acquired one image per nunure over
ners available to date 24 hours, during %klicn tm2 scene %%as static

The crosstalk effect becomes more noticeable at edges or on Figure II plots the sensed range at one target pixel. The
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a (deg) I ro (m) Error (m)
ack (Sunny, liehlts 45.59 -1.32 U.28

Black (Cloudy lights) 44.34 i -0.73 0.20 i
= '= ' " ' BBak (Cod, N E .Ts) 44 11 -0.81 .2

gI dh ard(Ca udy h_ T) 44.92 -1.11
. (Cl00 dy, lights) 45.57

a Table 2: Accuracy results for different targets and lightingconditions

The table shows accuracy results for various combinations of
targets (one untreated cardboard slab, one cardboard slab painted
black, and a planar piece of wood) and lighting conditions (sunny,

, .cloudy, with and without room lights).
Figure 10: Variance of range and intensity for black and range precision and angular precision.

white targets 4.1 Accuracy
figure shows a dramatic variation over time. Between hours 0 and To determine the accuracy of the range measurements is to iden-
3, the ranges climb approximately one meter, as if the sensor were tify the distance between them and ground truth ranges. For a
translating away from the target. After this four hour "warm-up'" target point lying in the direction (,,:. 0), let r; , be the range mea-
period, the sensed ranges reach a plateau where they remain, with surement reported by the scanner and let d . be the true distance
apparently random vartatons, for the rest of the day. from the geometric origin, measured with a tape measure. Under

day. ideal conditions, we expect to observe a linear relationship:
r... =ad..+ro . (7)

.I where ro is the offset distance from the origin to the (conceptual)
surface corresponding to a rarge measurement of zero and a is
the slope.

To determine the parameters a and ro, we acquire range
"or .......... measurements of targets at six known distances between 6 and

16 m, and fit a line to the data. We illustrate the results fo
the Perceptron scanner in Table 2, which shows the extracted
parameters from five trials under different conditions. Because
of range drift (cf. Section 3.4), we do not assign high confidence

, 2 to the particular slope, intercept, and rms error entries in the table.
1 

,,,, ) Nevertheless, the variation with surface material and light-

Figure 11: Range measurements vary over time ing conditions is obvious. This suggests that the accuracy of the
The target is a sheet of cardboard 6m in front of the scanner. scanner depends significantly on variables in Eq. (7). including

We hypothesized that some of the variations might be due to surface material, ambient illumination, and temperature. It also
temperature changes. To test this hypothesis, we placed an clec- suggest that the effect of those variables is amplified by the paruc-

tric heater directly behind the scanner, and repeated the above ular hardware used in those sensors, as described in Section 3. We
trial, acquiring images at 2 Hz over two hours (14.000 images). conclude by remarking that preliminary analysis of this and other
Without the heater, the temperature was 21 0C, and we observed data suggests that the accuracy does not depend significantly on

approximately constant range measurements. We turned on the target distance.
heater and after 30 minutes the temperature climbed to 45 C. 4.2 Range Precision
During this tume the sensed ranges fell about 40 cm. a substan-
tial decline. When we turned off the heater, the sensed ranges To determine the precision of the range measurements is to iden-

gradually increased until they regained their original level. This afy by how much repeated range measurements vary. Here. we

demonstrates conclusively that temperature changes cause the quantify the precision as the standard deviation of a distribution

dismbuuon o range values to translate by significant amounts, of measurements.

It is cler that heat cannot directly affect the phase shift We have conducted a number of experiments in which we

which carries the rane cnforaion. Therefore, the drift ob- take 100 images at each target position, and compute the standaaj
served i those experiments must be due to poor temperature deviation of the depth measurements. In the experimenrs. we
compensation the electronics used i the scanner. An impor- have examined how precision changes as a function of ambient
ant lesson is that such effects may dominate the errors due to the illumination conditions, surface material of the target. distance
tantsson thasureffects. mfrom the scanner to the target, and beam incidence angle at the
physics of the measurements. target. In this section, we report on the effect of ambient llurru-

4 Accuracy and Precision nation for the Perceptron scanner, and refer readers interested in
the other properties to Appendix A of (9].

We have introduced a theoretical framework in Section 2.3 that To study the effect of ambient light on sensed range, we
leads to a characterization of expected sensor accuracy for am -cw place a target (in this experiment, a cardboard slab painted black)
laser radars. However, it is important to verify that the sensors at a known distance, take 100 images, and compute the vanance in
do indeed follow the theoretical model. n pamcular. real sensors range at particular pixels. We repeat this procedure for six target
include effects such as those described in Section 3 that are not distances between 6 and 16 m under different indoor lighting
part of the theoretical framework. Actual sensor accuracy is ti- conditions.
portant in determrnng what algorithms and what applications are Figure 12 plots the results, which show that the precision
appropriate for a given sensor. In this section, we describe a series decreases with intensity of illumination. The results strongly
of experiments designed to measure range accuracy for the Erun support the conclusion that the brighter is the ambient light, the
and Perceptron sensors under different conditions and to compare larger are the temporal variations in the range measurements. As
it with the predicted theoretical values. Following I , we distin- in the case of accuracy, above, the effect of the variables in Eq.
guish between accuracy, the difference between measured range (6) is clearly visible in those experiments, and it is amplified by
and actual range, and precision, the variation of measured range the particular hardware implementation used. The results also
to a given target To separate the errors due to scanrung and the illustrate the dependence of precision of the square of the target
errors due to actual range measurements, we distnguish between distance (cf. Eq. (6)).
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Abstract , ..

The Ambler is a six-legged robot designed to
walk in irregular and rugged terrain. Foot-
fall evaluation is the problem of predicting
the goodness of footfall locations given the
current status of the Ambler and properties
of the terrain. We use an inductive learn-
ing technique that implicitly correlates ter-
rain features to footfall stability and traction.
The learning method also possesses the desir-
able characteristics of adaptability to differ-
ent environments, noise tolerance, ability to
be trained using relative measures, efficiency
and extensibility. This paper describes how a
feature-based neural net and a user-specified
cost classification scheme can be used to do
the evaluation and training. The approach Figure 1: The Ambler
sketched here is applicable to cases where a
real-valued function is to be learned from rel-
ative measures.

leg reachability and body support) to limit the feasible

1 INTRODUCTION range of footfall locations. Once a region of geometri-
cally feasible footfalls is selected, the footfall planner

The Ambler is a six-legged robot designed for plane- evaluates and chooses the best poesible footfall within

tary exploration [Bares,19891 (Figure 1). In order to that region, given the current status of the Ambler and

explore new regions and collect samples, the Ambler properties of the terrain [Wettergreen,1990]. Criteria

must traverse unknown and geographically diverse ter- for goodness may include maximal stability, maximal
ura e nforward travel for the body, min.mal power dissipa-

rain. tion, best maneuverability, and/or enough traction for
The Ambler autonomously navigates terrain using per- the movement. Different criteria may be important
ception to guide its movements [Simmons,1991]. The depending on the task of the Ambler or ita current sit-

perception system of the Ambler takes a sequence of uation. For simplicity and integrity, the same evalua-
laser range images and constructs a geometric terrain tion function should have the capability of addressing
representation - the elevation map [Hebert,1989]. individual criterion by changing the parameters of the
The elevation map is a 2D grid in which each pixel function. To achieve real-time performance, efficiency
value is the elevation of the corrsponding location is also a consideration.
(Figure 2). In [Caillas,1989, several measures for the goodness of

The Ambler walks by lifting one leg vertically, swing- footfall locations from an elevation map are proposed.
ing it horizontally, extending it down until terrain con- As indicated in that paper, a single feature is not suf-
tact, and then sliding the body forward. The sequence ficient to ensure that a footfall position is completely
of leg moves is determined by a gait planning algo- safe. Some form of fusion to combine multiple features
rithm which uses geometric constraints (such as the is thus required.
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Elevation -_ Faur Feature Footfall
Map Values CsNet Vat

I MFigure 3: The footfall evaluation function

A feature-based neural net approach is thus proposed
as the way of computing the evaluation function (Fig-
ure 3). We use a three level feed-forward net with one

Figure 2: An example of a terrain elevation map output node, 8 input nodes, and 8 hidden level nodes.
The output of the net is a real value ranging from 0 to
1.

In order to combine features to reliably choose footfall Each feature at a given location is calculated by exam-
locations, we decided to train a neural net to evalu- ining the 5x5 surrounding region of the elevation map.
ate the goodness of the terrain. This choice was based The features currently used include:
mainly on the fact that no explicit model exists relat-
ing terrain features to footfall stability and traction. slope and residual in plane fit : Fit a plane to
As will be discussed in Section 3, off-line training of the the region by least square error approximation.
neural iiet i desirable. For off-iine training, peopie cal The slope of the plane is then calculated as the
visually pick out good and bad footfall locations fairly tangent of the angle between the fit plane and a
reliably. Typically, however, the user can specify only referencing horizontal plane. The residual is the
the relative goodness between two footfall locations, average of least square error of the fit.
not exact numerical values. An absolute value for the
goodness of a footfall location is only obtainable for * max-min : The difference between the maximum
extreme cases, such as totally flat regions. and the minimum elevation in the region.
Due to sensor noise, the learning method should be tol-
erant of noise and exhibit gracefl degradation. The free volume : The unoccupied volume located be-
ability to use feedback from real runs as training data tween the foot plane and the surface of the terrain.
is necessary for adapting to different environments, or mean, maximum, and Gaussian curvatur Fit
for fine tuning to distinguish subtle differences not cov- t men into a q u ian zurv fure:y)i
ered by the oIT-line training. the region into a quadratic plane z = P'(zY),

where z is the elevation. Then, calculate the mean
Also, when new properties of the terrain or new status curvature, Gaussian curvature and the maximum
of the Ambler are available, the method used should curvature directly from the parametric function of
have the ability to incorporate them easily. the quadratic plane.

Section 2 of this paper describes the method of using normal change : Fit -lanes to the x. y, and z
a feature-based neural net as the evaluation function, component of the surface normals respectively.
Section 3 describes how users specify training cases Sum the slopes of the fit planes to get the nor-
and Section 4 describes the way training is done using mal change.
that specification. Then, in Section 5, experimental
results are discussed. Finally, the paper concludes with These features are chosen because they approximately
a plan for future extensions. model the roughness of the terrain (the residual in

plane fit), the first order change (the slope of the fit-
2 THE EVALUATION FUNCTION ting plane), the second order change (the various cur-

vatures and normal change), and combinations of these
We can intuitively identify those terrain features that (max-min and free volume).
are likely indicators of good footfalls - roughness, The computation of these features is fast because all
and the first and second order change of the terrain, the derivations are analytical and some of the inter-
However, there is no direct mapping between terrain mediate results (like the surface normal) are shared
features and the desired footfall characteristics of sta- among features. The complexity of the calculation is
bility and traction, and no single feature suffices to basically O(nm), where n is the size of the surrounding
determine the characteristics. It is also very difficult region based on which the computation is done (in this
for a human to come up with a reliable combination case, 25), and m is the number of candidate footfall
function. positions to be evaluated.
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3 USER SPECIFIED COST net periodically (e.g., every 10 training cases). The
CLASSES conjecture is that the distribution of the output will be

anchored by the extreme cases. Experimental results

Although we will ultimately train the net using feed- evidence our supposition.
back from actual Ambler steps, it is preferable to first The second problem can be solved by estimating the
train the system off-line on synthetic data. The reason target value from current output of the net. Pairs of
is as follows: First, as the cost of failure for the Ambler locations from different cost classes are compared to
is too high, it is more desirable to start with a reason- see if the neural net evaluations of each pair are in the
able footfall evaluation function. Second, training on relative order specified by the user. Out-of-order pairs
synthetic data allows us to easily create pathological are selected as the training cases. The target value for
cases. Third, we can easily train the evaluation func- a training case is then formed as the mean value of
tion from the conceptually easiest cases to the hardest the current goodness of the pair plus (or minus) some
ones, which may help the learning algorithm converge offset (which affects the learning rate). The offset will
faster. increase the difference between the target value and
One problem with this approach is that the user is current outcome of the net. The use of either a mean
not able to give the precise values required to train a or the value of the other location in the pair will not
neural net. A scheme for the user to specify relative re- make much difference. The use of an offset, however, is
lationships between footfall locations is thus required, significant to the success of learning. As the neural netlearning is incremental, the values of the out-of-order
The user classifies the sample terrain as regions of dif- pair tend to approach each other gradually, rather than
ferent cost classes (say, "very low", "low", "high", and just be switched at once. When the values of the pair"very high") using a graphics-based interface. Over- are too close to each other, the offset can improve not
lap among regions is allowed to account for inexact only the speed of learning but also the ability to switch
classification or uncertainty. Unsure locations are left the ordering. The value of the offset should not be
unclassified, too large or too small (in our case, it is set to 0.07).

In addition, to emphasize different aspects of the ter- In the former case, overshooting may happen and the
rain, multiple classifications can be specified for the learning curve may become damped. In the latter case,
same elevation map. This enables the user to do the learning will be too slow.
the classification in a hierarchical manner, in which The training procedure is thus as follows:
a coarse classification is done, followed by finer classi-
fications to address subtle differences. Thus, Figure 4 1. Initialize the weights of the net by random values
shows a region classified as "high" in one case, and or load them from some previously trained results.
then further subdivided on a subsequent training run. 2. Get a sample terrain and a user specified cost clas-
This approach not only facilitates the classification but sification as described in Section 3.
also speeds up the convergence of the neural net. 3. Calculate the feature values of every classified lo-

cation.

Very 4. For each pair of locations from different cost
Hich h classes, if the current neural net evaluation for[vhj [ .,[the pair indicates a different ordering from the

, 'Ln_-_.__J I_,user specified cost classes, then construct a tar-
Vot1  get value as described above and modify the

__ Inet weights using the back propagation algo-
rithm [Rumelhart,19881.

Figure 4: Hierarchical user classification (left: a coarse 5. Train the net on extreme cases periodically to help
classification, right: a fine one on High region) stretch out the distribution of output values.

6. Repeat steps 4 and 5 until no out-of-order location
pairs can be found.

4 THE TRAINING METHOD
5 EXPERIMENTS

As the training data supplied by the user classifica-
tions consist of relative measures, two problems must Three synthetic terrains were created and classified
be handled. One is that the output of the net may based on user's determination of stability and trac-
cluster in a small range of values. The other Is that tion Oeersrai nt of rampslith differenttarget values have to be estimated in order to make tion. One terrain consists of ramps with different
theear g vales th tor. slopes (Figure 5, the elevation is scaled by a factor
the learning algorithm work. of 4 for better viewing). Another consists of planes

The first problem can be solved by feeding extreme with different roughness. The third terrain contains
cases (those with output of exactly 0 or 1) into the hills of various shapes. In addition, for each terrain,
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finer classifications were provided to emphasize sub-
tle differences. For example, in the terrain of various
slopes (Figure 5), one classification distinguishes high
slope planes from low slope ones; another distinguishes
locations along the edges from those inside a plane; a
third distinguishes higher locations aiong an edge from
lower ones.

Figure 6: Footfall cost map of the training terrain

in Figure 7. As can be seen from the graph, the re-

sult of training seems promising. Those bad footfall
locations (along the step-like edge and around small
protrusions) stand out very well, while mainly flat ar-
eas have very low values. Figure 8 shows the learning

Figure 5: A synthetic training terrain curve in terms of the number of out-of-order position
pairs in the reference terrain. The asymptotic conver-

The net is initialized with random values, then the gence of the curve also demonstrates the feasibility of
synthetic terrains are provided for training one after the learning approach.
the other. The training converges very fast. For ex-
ample, for the training on the terrain with different
slopes, initially 648 pairs are out of order. After the
net is provided with 30 training cases (where a train-
Ing case is either from an out-of-order pair or an ex-
treme value), no additional out-of-order pairs remain.
For the two finer classifications, which are conceptu-
ally harder, it totally takes about 80 training cases
to converge. This high speed of convergence probably
comes from the small size of the net, the relevance of
the chosen terrain features, and the correct sequenc-
ing of the coarse-to-fine approach. When the training
is done by presenting the finer classifications first, the
convergence takes about 180 training cases.convrgece tkesabot 18 trinin caes.Figure 7: Footfall cost map of the reference terrain

The footfall cost map of the synthetic slopes after the
training is shown in Figure 6. As can be seen from The computation time for evaluating a 3000 elevation
the graph, the edge locations are very bad footfall o- map (i.e. 900 points) is 10 secoiids on a Sun Sparc
cations (with high values) and the difference among workstation. However, the number of feasible foot-
ramps of various slopes is not very significant (note fall locations received from a gait planner is typically
that the elevation is exaggerated). This is intuitively around 100. A computation time of 1 to 2 seconds is
what one could expect. thus expected for the real run. The off-line training for
An actual terrain map (Figure 2) with a user cost the curve shown in Figure 8 takes about 20 minutes.
classification was obtained as a reference terrain to
see how well the function learned from synthetic data 6 CONCLUSION AND FUTURE
can work on real, noisy terrain data. The results are
quite encouraging: the trained net produces only 16 WORK
out-of-order pairs, out of around 50,000 possible pairs.
The problem of noise seems to be handled well. This We have developed a method to learn footfall evalua-
ability to tolerate noise derives partially from the in- tion that relates terrain features to the desired criteria
herent interpolating ability of a neural net and par- of stability and traction. The approach sketched here
tially from the abstracting and filtering ability of our is applicable to cases where a real-valued function is
feature-based approach. to be learned from relative measures.

The footfall cost map of the reference terrain is shown In future work, we plan to tcst the generality of the ap-
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Figure 8: Learning curve for the reference terrain

proach by doing additional experiments on more real
terrain data. We further plan some extensions to the
method presented here. One is to fine-tune the eval-
uation function as the Ambler is actually walking, by
using force/torque sensor and tilt angle feedback as
a measure of stability and traction. Other extensions
include incorporating more features from other sen-
sors, such as camera images, and exploring the footfall
evaluation function for other criterion, such as mini-
mal power consumption.
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Abstract

To survive the rigors and isolation of planetary ex-
ploration, an autonomous rover must be competent,
reliable, and efficient. This paper presents the Am-
bler, a six-legged robot featuring orthogonal legs and
a novel circulating gait, which has been designed for
traversal of rugged, unknown environments. An au-
tonomous software system that integrates perception,
planning, and real-time control has been developed to
walk the Ambler through obstacle strewn terrain. The .,
paper describes the information and control flow of the
walking system, and how the design of the mechanism-
and software combine to achieve competent walking,
reliable behavior in the face of unexpected failures,
and efficient utilization of time and power.

1 Introduction

To explore the surface of another planet, a mobile
robot must be highly competent, reliable, and effi- Figure 1: The Ambler Robot
cient. A robot competent enough for planetary explo-
ration must be highly mobile, perceive rugged terrain
accurately, and successfully plan and execute paths robot's body from the underlying terrain and can pro-
through extreme environments. To ensure reliable be- pel the body (along with terrain sensors and scien-
havior, the robot must never try to exceed its capa- tific equipment) on a trajectory that is relatively in-
bilities, should monitor its own health and safety, and dependent of terrain details. Due to the ability to
be capable of reacting to failures in a timely and ap- choose footfalls that conform to the terrain, the Am-
propriate manner. Finally, it is highly desirable for the bier provides.a high degree of stability and safety while
robot to be efficient in terms of its resource utilization, traversing very uneven terrain. Walkers are theoreti-
especially power and computation, since it must carry cally power efficient in part because the bodr can .be
these on board, maintained at a fairly constant orientation and eleva-

We have built and are currently testing the Ambler, tion, and because power losses due to terrain interac-
a six-legged robot designed for competent, reliable, tions are minimized by discrete foot placements.
and efficient planetary exploration [1, 2, 21]. The Am- While other walking machines have demonstrated
bier has a novel configuration consisting of a stacked advanced capabilities (e.g., [6, 8, 19, 23]), the major-
arrangement of orthogonal legs (Figure 1). It features ity are either teleoperated or operate under supervi-
a unique circulating gait, where trailing legs recover sory control. In contrast, we have developed an au-
past all others to- become leading legs, that signifi- tonomous software system for navigating the Ambler
cantly decreases the average number of steps needed in rugged, unknown terrain. This is especially impor-
for travel. The Ambler has been designed to stably tant in planetary exploration: due to long signal delay
traverse a 30* slope while crossing meter sized surface times from Earth, teleoperation would not be very pro-
features (e.g., ditches. boulders, and steps). ductive or reliable.

A legged configuration offers several advantages over 44The walking system integrates perception, planning,
wheeled locomotion [1]. Walking machines isolate the real-time control, and task-level control. The per-



ception subsystem uses data from a scanning laser
rangefinder to autonomously calibrate the rangefinder
and to build 3D maps of the terrain. The planning
subsystem combines kinematic, terrain and pragmatic
navigational constraints to find leg and body moves
that provide good forward progress and stability. The
real-time control coordinates the Ambler's joints to
perform accurate leg and body moves, maintains the
dead-reckoned position, and monitors the status of the
robot. The task-level control facilitates concurrent op-
eration of the subsystems, reliable execution monitor-
ing and error recovery, and management of the Am-
bler's computational and physical resources.

In numerous trials, the Ambler has autonomously
walked through rolling, sandy terrain and across meter
tall boulders, ditches, and ramps. The system incor-
porates many safety features to prevent the Ambler Figure 2: An Ambler Leg
from harming itself, such as ensuring that the rover
remains stable and monitoring for unexpected terrain
collisions. The safety features are hierarchically lay-
ered, with critical low-level checks implemented di-
rectly in hardware, mid-level safety checks performed
by the real-time controller, and additional checks per-
formed by the planning and task-control subsystems.

The next section presents the mechanical configura-
tion of the Ambler and Section 3 describes the walk-
ing system and our experiments to date. Sections 4, 5
and 6 describe the design rationale for the system in
terms of the desired characteristics of competence, re-
liability and efficiency, respectively. Finally, Section 7 Figure 3: Level Body Motion
concludes with plans for future work.

where a trailing leg recovers through the body cavity

and past the other two legs on the stack to become
2 The Ambler the new leading leg. The circulating gait is depicted

in Figure 4, where a sequence of leg and body moves
The Ambler is configured with six legs, arranged in two is shown from left to right across the page. As the
stacks on central shafts (Figure 1). Its height ranges Ambler moves forward, the bold leg (leg 1) completes
from 4.1 to 6.0 meters, and its width can vary be- a full counter-clockwise revolution about the left body
tween 4.5 and 7.1 meters. The shafts are connected shaft. During the same period, all other legs also circu-
to an arched body that supports four enclosures hous- late to their original positions. The use of a circulating
ing electronics and computing. This includes two CPU gait enables the Ambler to use approximately one-half
boards for real-time control, nine Creonics motion con- to one-third the footsteps of a follow-the-leader type
trol cards, and three Sun workstations. Communica. walker with similar legs.
tion with the outside world is via a tethered Ethernet, The Ambler is designed to walk with a level body.

The Ambler's legs are orthogonal mechanisms that This enables body moves to be decoupled into mo-
decouple horizontal and vertical motions (Figure 2). tion in the horizontal plane (translation and rotation)
Motion of the vertical links is accomplished using a and vertical raising and lowering of the body (Fig-
rack and pinion drive. The Ambler's feet can passively ure 3). Legs adjust individually to terrain roughness
rotate about the vertical axis. The two degrees of free- and maintain the body in a level orientation over the
dom of horizontal motion are provided by a rotary link terrain. Equal displacements on all legs are used to
around the central shaft and an offset extensional link. lift the body in climbing slopes, steps, etc. Level body
The rotary joint is continuous, with the leg electronics motion simplifies the control problem by reducing the
connected to the body via multi-ring sliprings. To re- number of joints that must be simultaneously coordi-
duce the number of conductors that must pass through nated and provides the Ambler's terrain sensors with
the sliprings, non-time-critical signals are multiplexed. a predictable field of view.

The stacked legs and body cavity between the stacks 45The Ambler has a number of sensors to monitor its
enable the Ambler to exhibit a novel circulatzng gait. progress and safety. Each motor has a fail-safe load



........ _ . .. . .. ..... . .. ... ..... ... .... .. . ... ..
..........................-' X. .. /..

3 1k
A 

3 

deadreckning Th rsai joint eahhv iiSFgr4 ACru latengaGaco

heon brae that activates toticarlly wrmhe por- IR
tote roepl st. Allce jiont othe thab sote d<t i o m m
incrnalr(poitiscaenoder fo-r srvontdr andbl~~n~ht C aea _ s °

3 dIthrmaos eaimit
sithes toewkistetmceuiv tr of the lnks, and

sidisorce/torue sensorssmouted ont eac spfoot es Csuoardeotrnortepsiosoheet

are usedutoradtec the crati ontat. Twoen come- ithn-m
ters othe body f undte till from then ndive ilfeehesid
intal ole, Pectio the fort era control d r / a
byatrcoin T prforcd -poinns eg s g lr rainer and u i eose
ses o uc excerivetaes o e linkn, and a black-and-white CCD camera. [j-

3ix Auisforceptoenos W ng Fre Iomion lo Btweiagen ode

Tne Amblerowalkingksyste consists o a enumaberuo

d.1Stribtemoduleseesecwihapcfc astr sreerro, trneansfr te poitios ofd tese

Tec ionate Rodulce i the ouesf ie t o plr- the vehicle fy otheir orled hits inhe

nigmercption, anr-tm control cto ofunctiond.Fg globalpramoe.e Tis, medrfdadrkoing itss fairlyg

urmo iltaes, th inftor atietoni flow bewensr mode. acutetially wihin b -m) d a nd canoftnldtec

in ta eatioe, wertieln of the terrain is pr o fed whenW i d f v p
th modules tig therin anctrfow e Sanner traeormi and einteracetmod

tat combinerta rodeatonomous waking ndt une aqira me from 2D scanninoatin lase

peetsm oforepimnareuttodt.rneidrada black-and-white CCD camera, re-Isiliit .. Q

e Aoonooss pivte. Te m athonlst Btees wo elcur-
The Ablerdead-reckoned psin ot ohe Imageof Que Ma

3.1sstemue Moelses) eahwt pcfclaer srees traneandfr came pitges and trese

ftnce Conty dule i the ionta the Ambler the f uite e baohe o doclded in uln ao

nin, pranceoni the lecti onisro a fn etns to global etion an flaggengbd ofdatadr i p
tre fautre the Tersaton tw f Clow P bo sc in module Three pll i thin uzesd t hca te rne-
In th eltime, m lti i esnimet.e Oycinite im es to cn strc elo m ps th e te (Fig-r

tion it oter mdues. tThe onhration excutoe horntzo ffw Te aoner ntransfor and interPlae mti-

that andbivertica trjecres setndmuwling , out upda es range ir data e from heD scannefrminoCtin lao-

the mtioncontrl bords eery ~mssceoriaesl(. To onulstct imas u for planing

The Contrer aoleomits thet dead-reckoned ocldnglgoaem sei ti o The Images thee Maps

Tane (bntoye andul eeth loain)ra of the Ambler ienaem filtr teue ose, adoled animdul unkno

anes initialnstance the ositons a fee soin thegoba egetion ae flaggd g bad121.ixls
frae farelomte. The nrearollerusong aChU body Thre poclnnrinM module utie tohcue rane

mov h ed Abrcoato ssiated by fijcor eerto ndm uing -the 6)n ues e eL ocovs Mtht, enalecheia A ber-

rtatini and translationajectoris thatn out te to ranger o ditaf hcere fra.Te it Panrteic-



Figure 7: Task Tree for Ambler Walking

figure 6:= Loca TeradnMa

lizes constraints on the Ambler's kinematic motion to
determine maximal body moves along the arc. Kine-] ,, . -
matic and pragmatic constraints (e.g., "do not place a
leg in front of the body") are combined to determine

feasible moves for the legs. The Footfall Planner an-
alyzes elevation maps to determine desirable locations
to place the feet. The Leg Recovery Planner produces Figure 8: Conservative Support Polygon
efficient trajectories to move the legs to their desired
locations.

We are currently developing a graphical User In- locations in the images and their projected positions
terface module for interacting with the system. The based on the kinematics of the leg 11]. The procedure

module will provide users with an overhead view of the is quite reliable and accurate, on average yielding a
area around the Ambler, enable users to interactively r.m.s error of 5cm.
specify a series of arcs to be followmd, and provide feed- To begin walking, a series of arcs is input. TCA

back regarding the progress and status of the Ambler forwards each arc in turn to the Gait Planner, which
and the software system. issues a "takeStep" message to begin the planning

The modules are integrated into a complete system process (Figure 7 illustrates the control flow: double-
using the Task Control Architecture (TCA) 14, 20, headed arrows denote queries to other modules, single-
221. While conceptually the modules communicate di- headed arrows denote task decomposition, and gray
rectly with one another, in reality they send messages arrows indicate sequentiality). The Gait Planner first
to a centralized task control module, which logs the finds a body move along the arc that does not violate
messages and routes them to the appropriate modules the limits on leg motion and keeps the Ambler's cen-
to be handled. TCA also maintains hierarchical task ter of gravity within the conservatsve support pogon
trees (Figure 7) that are used to coordinate the plan- (CSP) [16]. The CSP, which is the intersection of all

ning, task execution, and monitoring and error recov- five-legged support polygons, is the area within which
ery needed by the walking system. the Ambler will remain stable even if any single leg

fails (Figure 8). The chosen body move is then sent
The modules F ow inte d ivia TCA to the Controller module.

3.k Control r [ , The Controller executes the planned body move by
This secti oncesa typicaleutnomous walking computing, for each leg, the trajectory of horizontal

cycle. The system first calibrates the laser scanner. joint motions that will simultaneously translate and
We have developed an automatic calibration procedure rotate the body to achieve the commanded position.
that moves a leg to vatrious positions within the scan- The Controller precisely synchronizes the twelve hoin-
ncr's field of view, uses image processing techniques zontal joints to achieve smooth acceleration and decl-
to locate targets on the leg, and calculates the trans- eration of the body. When the body move completes,
formation that minimizes the error between the target TCA notifies the Scanner Interface and Camera in-
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terface modules to acquire new images. If any errors the leg move for feasibility, refusing to perform the
occur, the Controller halts all motion and engages the move if the leg would exceed safe limits, or collide
brakes. A separate Error Recovery module is then in- with other legs or the Ambler's body. During execu-
yoked to handle the situation (see Section 5). tion, the force sensor is set to trigger an interrupt if a

While the body move is occurring, the Gait Plan- force threshold is exceeded, signifying terrain contact.
ner plans to move the leg that maximizes subsequent This is treated either as the successful completion of a
body motion. It finds a region of geometrically fea- leg move or as an unexpected collision, depending on
sible footfalls based on the limits of the leg's motion, where in the trajectory it occurred. Typically, by the
the need to avoid colliding with the current leading time the body and leg moves have been executed, the
leg, the desire to avoid placing the leg in the path of planner is ready with a new pair of commands.
the body, and the need to maintain conservative sup-
port in subsequent moves [26]. The Footfall Planner
provides estimates, within the geometrically feasible
region, of the goodness of the footfalls with respect to We are in the midst of an extensive experimental pro-
the underlying terrain, and the Gait Planner chooses gram to test the limits of the Ambler and the walking
the best one. system. The Ambler currently operates within a large

While the stability and traction of a footfall can- indoor area that can be sculpted to provide a variety
not be determined directly from the elevation maps, of terrains (Figure 9). We have also implemented 2D
they can be estimated from features such as the slope, and 3D graphical simulators to facilitate development
roughness. and curvature of the terrain. The Footfall of planning and task control software [24], and devel-
Planner combines these features using an evaluation oped a full dynamical simulation program to help us
function whose coefficients are learned by a neural net better understand the real-time control problems [17].
[7]. The net is trained off-line in advance using human- The Ambler has autonomously walked along a va-
supplied preferences on footfall locations (e.g., "good", riety of arcs. The system has little trouble traversing
"very bad"). For each pair of locations where the eval- arcs of different radii, although transition between arcs
uation function indicates a contrary preference, back- is not always smooth and sometimes feet must be shuf-
propagation is used to update the weights in the net fled. The Ambler has walked over boulders up to one
based on the difference between the two values. meter tall, crossed a 30* wooden, ramp, and negoti-

The Gait Planner sends off the chosen footfall to ated sandy, rolling terrain. Observed slippage of the
the Leg Recovery Planner and, if the end of the arc feet is minimal, and the change in tilt varies by only a
has not been reached, sends a "takeStep" message to fraction of, a degree per move. To compensate for ac-
itself to plan out the next move (Figure 7). In this cumulation of tilt, however, the Controller periodically
way, the system simultaneously executes one step while adjusts leg heights to level the Ambler.
planning the next [20]. Obstacle avoidance has sometimes been a problem,

The Leg Recovery Planner (LRP) requests an eleva- due to unreliable readings from the scanner caused by
tion map that encompasses the possible paths between mechanical and electrical problems. This is compen-
the current leg location and the chosen footfall. The sated for, to some degree, by maintaining a large safety
Local Terrain Map module, in turn, requests from the zone around the foot as it moves through space. In any
Image Queue Manager a series of the most recent scan- event, the Controller can stop the leg in less than a
ner subimages that contain relevant range data. The second when the force sensors detect unexpected colli-
Locus Method is then used to compute the desired el- sions. We anticipate that on-going repairs to the scan-
evation map. ner will alleviate much of this problem.

The LRP first determines a trajectory for the hor- Average walking speed, including all computation,
izontal joints that avoids collisions with the terrain is 35cm/min (each body move is about 50cm). Mov-
and the mechanism itself. It then optimizes the ver- ing the mechanism is the main limitation to the speed.
tical trajectory to minimize travel time. This is ac- During operation, the Controller is active about 80%
complished by projecting an envelope of vertical loca- of the time, while the planners and perception subsys-
tions created by assuming that the leg raises/lowers tems are each active about 50% of the time, and the
at full speed while traveling horizontally. Purely ver- centralized Task Control module is active only about
tical moves are added only when the envelope would 3% of the time (the total is greater than 100% because
intersect the terrain. The LRP then issues a leg move operations occur concurrently). To date. the Ambler
command, which TCA queues until the previous body has walked autonomously well over a kilometer.
move is completed. We have also used preplanned motions to test the

The Controller generates leg move trajectories that limits of the Ambler's mobility. This has included step-
are linear in joint space. As with the body move, the ping down the sheer face of a meter high rock into a
three leg joints are coordinated so that all motions meter deep trench, propelling with several feet poised
start and end simultaneously. The Controller checks on the edges of boulders, walking with one foot in the
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of attaining a good footlail because. ulile ,radiL. iid
pantograph and knuckle-jointed legs. the vertical links
of its orthogonal legs sweep out no additional volume
as the body moves. Thus. legs can be placed in tight
spaces. such as along rock faces. The Ambler's wide
foot (30cm) increases its ability to catch toeholds and
avoid sinking into soft terrain, and its rigid ankle facil-
itates stepping on and clirrK ',-" urfaces. The
long leg stride enabled by ti, ci,.uiating gait reduces
the total number of foot placements needed and av is
the need for feet to place adjacent to one another. This
advan-ige is diminished somewhat h wever. by the
stacking of the legs. v., re.iuces the area of available
footfalls as compared with designs that space orthog-
onal legs along the sides of the body [1].

To take advantage of the ability to step in tight
spaces. motion control must be extremely accurate.
The Ambler is built to be very rigid: the measured

z:--, - "" - sag of the body while standing is only 2cm. The i;.cs
Figure 9: The Ambler Testbed are similarly accurate: the prismatic joints can be con-

trolled within millimeters of the commanded motion.
and the backlash of the rotary joint is less than a hun-

air (to demonstrate conservative support). and raising dredth of a radian. In any envent. deflections in eg
the hodv to its full height of six meters. links and actuators have insignificant effect on the ,la-

Current experiments involve long-term autonomous nar linkage geometry of orthogonal legs. enabling ac-
operation: the goal is to have the Ambler perform curate body motion.
many hours of figure-eight circuits without human in- The ability to step in tight spaces also depends on
tervPntion. One difficulty is that with each step the the accuracy of the terrain maps. The laser scanner we
Ambler's dead-reckoned position drifts from its actual use digitizes to 12 bits over a range of approximately
position, causing it to veer off course. To compensate 40m. which provides a range resolution of lcm. Taking
for this, we are developing a Position Estimation mod- into account sensor noise and the uncertainty inherent
uie that visually determines position with respect to in the calibration procedure. the effective resolution of
known landmarks (in this case. window frames). The the elevations maps is around 10cm. This means that
method identifies landmarks by extracting strong ver- we can confidently place the 30cm foot within an area
tical edges from black-and-white images. and searches about 50cm wide. which is quite adequate for all but
an interpretation tree to determine the position from the most extreme terrains.
which the identified landmarks would he visible r91 -• The planning algorithms provide a fairly general ,ra-
This position estimate is then combined with the dead- p lanning algoithmstprodeafairly Ineral -a-

- .one poitin bsedon hei reatie ucerainies pability for walking in cluttered terrain. In particu-re-koned position based oil their relative uncertainties.o
lar. the Gait Planner combines kinematic. terrain andTh new stimate of the Ambier's position can theu 1e pragmatic constraints to plan moves both forwards -and

used !or more reliable navigzation backwards along arcs of any radius. including stra-lit-

lie paths and point turns, In addition. we aro in','ti-
4 Competence ating other modes of walkinz. -uch as '.rippled 4.ui;

iwalking with fewer than six i-_,si and • rab'" waikinw,
Th, follc winz three sections discuss how ile ,Oiitir- imxin; from side to side). which niaht be xp,dient

,ion 4 the .-\ihl,r and the con ilpoirt. of th., wi," nl in ertain situations.

%stern -ombine to produce :onip-teni. r,'lianle .iiid Besides competence in walknt, rhe .khl-r rrc\ Abi-.>
-!fi n: h!ehavior a competent platform for -cintfic ilxHt ,it',i, I II

By ,oonpetic,-. we mean th- ibiiit To 1 ri ,,r, .x- 1oveI body motion provides i table. preditra ll- iat-
trlme terriiti -tiditions. The \nih,,r :- l'' ,-z l .i form for cameras and "cwentiic 'plillip eit hII-tril-

-, , er )I a,i s nearly two n,'tcrs t.-!l tfili " ." imnts placed on the hotto i ..f "ip -tacks . a ,

.he ni,-ter -ize f[,atures while chlniii -,i ..' -;" ... .'red to contact the -rou ,ij ,,hiih uti p,,r' t, r
.1 ln aon it , .- itm.Iii-, r,'11oti ] 1,. . K - 1. a.ks uch as sIisniocrarhi . ., n F: 'i', Ii,.

. n" - it 'w IndS. m t urn In Ila,- :1h1'inselvPs call he ib t,'J , rt'c r:: ' xp -:m . ,

:'. . . .,.rri . ,h ,iii " { . "- 2.. - -iti IS /lIizn the force -,,-r- ', ' - ' .
' " "..- 'x .'r - .I,'-ct ir''-. .. . . .: .- i~i !vqp -rtles ,cf tl.- ,;i-v r:.._ .. r I ', t)
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oi awtaining a good footfa,' because, usnsrs± Laul~ol.a

pintograph and knuckle-jointed legs, the vertical links
ol' its orthogonal legs sweep out no additional volume
au the body moves. Thus, legs can be placed in tight
spaces. such as along rock !aces. The Ambler~s wide
fcot (30cm) increases its ability to catch toeholds and
avoid sinking into soft terrain. and its rigid ankle facil-
itates stepping on and clim':ing sloped surfaces. Tile
long leg stride enabled by the circulating gait reduces
the total number of foot placements needed and avoids
tl .e need for feet to place adjacent to one another, This

d / advantage is diminished somewhat, however, by the
stacking of the legs, which reduces the area of available
footfalls as compared with designs that space orthog- -

onal legs along the sides of,, lie body ( 1).-
To take advantage of the ability to step in tight

spaces. motion control must be extremely accurate.
-7-!-4 OWN The Ambler is built to be very rigid: the measiured

-; .~:.' M sag of the body while standing is only 2cm. The joints
Fi-ue 9:The mble Tesbedare similarly accurate: the prismatic joints can be con-
Figue 9:The mble Tesbedtrolled within millimeters of the commanded motion.

and the backlash of the rotary joint is less than a hun-
air (to demonstrate conservative support). and raising dredth of a radian. In any envent. deflections in le,;
the body' to its'full height of six meters. liiiks and actuators have insignificant effect on tlie pla-

Current experiments involve long-term autonomous nar linkage geometry of orthogonal legs. enabling ac-
operati ,on: the !goal is to have the Ambler perform curate body. motion.
mfany hours'of figurei-eight citcuits without human in- The ability to step in tight spaces also depends on
tervention. 'One difficulty is that with each step the the accuracy of the terrain maps. The laser scanner we
Ambler's dead-reckoned position drifts from its actual use digitizes to 12 bits over a range of approximately
position, causing it to veer off course. To compensate 40m. which provides a range resolution of 1cm. Taking
for t his, we ar'e developing a Position Estimation mod- into account sensor noise and the uncertainty inherent
ule that visually determines position with respect to in the calibration procedure. the effective resolution of
known landmarks (in this case. window frames). The the elevations maps is around 10cm. This means that
method identifies landmarks by extracting strong ver- we can confidently place the 30cm foot within an area
tical edges from 'black-and-white images. and searches about 50cm wide, which is quite adequate for all but
an interpretation tree to determine thle position from the most extreme terrains.
which the identified landmarks would be visible [9). Tepann loihspoieafil eea a
This position estimate is then combined with the dead- Tepann loihspoieafil eea a

recone poitin bsedoilther rlatveuncertainties. pability for walking in cluttered terrain. In particu-
recknedpostio baed o thir elaivelar. thle Gait Planner combines kinemnatic, terrain and

The new estimate of the Ambler's position can theni be pragmatic constraints to plan moves both forwards and
used for more reliable navigation, backwards along arcs of any radius. including ? rni-_lit-

linie paths and point turns. In addition. we nre nvostta-
4 hating other modes of w~lkin,-. 'tuch as -'crippled' niitsCompeence(walking with fewer than six legs) and "crab" walking1

The followina thteesections discuss how tie coniimra- (moving- from side to side). which ikhlt be ox',.lient
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5 Reliability gies include shuffling legs when the planners cannot
find feasible moves, lifting the body to pas over un-

Given its distance from Earth, both in time and space, expectedly tall obstacles, and informing human oper-
it is clear that a planetary rover must be extremely ators to handle unrecoverable hardware faults. If all
self-reliant. The rover must detect unexpected condi- else fails, the Ambler can be teleoperated through the
tions, including hardware and software problems, and Controller module interface.
react to them in a timely and intelligent manner. This The conservative, deliberative approach of the Am-
may include requesting assistance from humans when bler walking system contrasts sharply with the more
situations arise that the rover itself cannot handle. reactive approach [3] favored in micro-rovers such as

Our approach is to provide a hierarchy of safety Ghengis [15]. While both Ghengb and Ambler can
features, extending from hardware, through real-time react to terrain contact, Ambler uses higher-level per-
control, to the planning and task-level control soft- ceptual and cognitive processes to plan its way out of
ware. The lower level safety features react on a short difficulties. We feel that in planetary missions, where
time scale and reflexively act to stabilize the Am- failure cannot be tolerated and response time is not
bler (typically by halting its motion) when unexpected critical, the deliberative approach is potentially more
events are detected. Once stabilized, higher level pro- reliable because it can compare alternatives based on
cedures are activated that analyze the situation and global information.
take corrective action. Sensor reliability is extremely important in au-

The Ambler has a number of hardware features to tonomous systems. Planning decisions and error de-
prevent damage to the mechanism (see Section 2). tection depend on the quality of the sensed data. Since
Prominent is a safety circuit that continually monitors no sensor is perfect, we utilize several methods to im-
the motor amplifiers, motion control cards, and limit prove reliability. One is to use redundant sensors and
switches, disabling all motion commands and enabling sensor modalities. For example, if a force sensor fails
the brakes if a fault is detected. The safety circuit also to detect ground contact (which has actually occurred)
monitors for a aheartbeat", a periodic signal from the the leg will drive into the ground, jacking up the rover.
Controller module that indicates a functioning soft- This can be detected both by the inclinometers and
ware system. by unexpected force redistributions in the other feet.

Before executing moves, the Controller uses kine- Another method for improving sensor reliability is to
matic models of the Ambler to verify that the com- utilize a model of the sensor to characterize and/or
mands generated by the planners are valid. In partic- reduce its uncertainty. Such a model has been devel-
ular, it ensures that joint limits will not be exceeded, oped for the laser scanner [13] and has proven useful in
that leg/leg and leg/body collisions will not occur, and doing calibration, filtering images, and producing hig).
that the Ambler's center of gravity will remain within quality elevation maps.
the support polygon of its legs. During execution of leg
moves, the force sensors are used to detect both liftoff
and terrain contact (either planned or unplanned). 6 Efficiency

A major concern with traversing unknown terrain
is that the rover could tip over if the terrain collapses Power is at a premium in space missions, so pl.-netary
under its weight. While the Ambler will remain stable rovers must be extremely efficient. In addition, they
up to about 17" of tilt, for reasons of both safety and should minimize the time spent in performing tasks, to
efficiency it is preferable to keep it nearly level. We accomplish as much as possible during their relatively
are investigating several methods for dealing with thib limited missions.
problem. One is to use the leg to preload the soil be- The Ambler's orthogonal legs and level body moo-
fore committing to a step. Another method involves tion produce an efficient walking machine. Because
active leveling, where feedback from the inclinometers horizontal and vertical motions are decoupled, orthog-
is used to servo the joints to maintain a level pos- onal legs eliminate energy losses due to geometric
ture. Research continues in this area, utilizing both work, a principal cause of inefficiency for many walkers
the Ambler and dynamical simulator to determine op- [25]. With level body motion, the vertical links carry
timal strategies for maintaining both body attitude most of the rover's weight, making body propulsions
and altitude [18]. more efficient. While vertical body lifts require signifi-

Once the Controller stabilizes the Ambler in re- cant power, they are only performed when walking up
sponse to failures, a high-level Error Recovery mod- slopes or over very large obstacles.
ule is invoked to analyze the problem and determine Currently, using only off-the-shelf components, the
appropriate recovery steps. The simplest procedure, steady-state power consumption of the motors, ampli-
used mainly in cases of unexpected terrain collisions, fiers, and associated electronics for the 2500 kg .mbler
is to cancel steps that have already been planned and is about 1800 watts. Lifting and moving a single leg
replan from the current stance. Other recovery strate- takes an additional 150 watts, propelling the body hor-
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izontally takes 450 watts, and lifting the body uses an walked over a kilometer in rolling terrain, negotiating
additional 1800 watts above steady state. ramps, boulders, and trenches.

One consequence of reducing power consumption is This paper has focused on the design decisions that
slow speed. While speed could be increased, with- produce competent, reliable, and efficient behavior.

out affecting the power budget, by using more effi- The Ambler is highly mobile, capable of walking in

cient motors, amplifiers, and lightweight materials, the extreme terrain, and the associated perception, plan-

mechanism itself only partly determines overall walk- ning and control algorithms enable the system to take

ing speed. Perception and planning are also signifi- advantage of this high degree of mobility. A hierarchy

cant. We reduce this time both in algorithm design of hardware and software monitoring and error recov-
and with concurrency. ery strategies produce reliable behavior over a wide

While laser scanners use more power than passive range of conditions. The Ambler's orthogonal legs
sensors such as cameras, there is a large savings in the and level body motion combine to eliminate geomet-
computation needed to produce terrain maps. This is ric work, making it a power efficient walker. Finally,
primarily because laser scanners determine distance di- careful algorithm design and the use of concurrency

rectly, greatly simplifying the transformation between reduce the time spent in computation, which yields a

image data and elevation maps. In addition, the Locus more time efficient rover.
Method used to do the transformation is quite efficient The Ambler is part of a comprehensive project to
[5]. To reduce the number and sizes of images that develop a complete robotic explorer. To this end, we
must be examined, knowledge of the scanner's field of intend to add on-board power and wireless telemetry in
view is utilized to examine only those subimages that order to test the Ambler outdoors in more difficult ter-
may contain data relevant for producing a map of a rain and varied conditions. Experiments in long-term,
desired region. autonomous operation will continue, both indoors and

The Gait Planner reduces the need for look-ahead out. We also plan to extend previous work in sample
search by combining constraints on the Ambler's kine- acquisition [4], which will include adding a manipula-

matic limits and with heuristic constraints on future tor arm to the Ambler. We anticipate that these efforts
feasible moves. These constraints also reduce the area will lead to new insights into the technologies needed

that the Footfall Planner must consider, which in turn for autonomous planetary exploration by robots.

reduces the demand on perception. The Leg Recovery
Planner takes advantage of the Ambler's orthogonal
leg design to find near optimal trajectories efficiently. Acknowledgements
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